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(57) Abstract: A process for metallization of a workpiece, such as a semiconductor workpiece. In an embodiment, an alkaline 
electrolytic copper bath is used to electroplate copper onto a seed layer, electroplate copper directly onto a barrier layer material, 
or enhance an ultra-thin copper seed layer which has been deposited on the barrier layer using a deposition process such as PVD. 
The resulting copper layer provides an excellent conformal copper coating that fills trenches, vias, and other microstructures in the 
workpiece. When used for seed layer enhancement, the resulting copper seed layer provide an excellent conformal copper coating 
that allows the microstructures to be filled with a copper layer having good uniformity using electrochemical deposition techniques. 
Further, copper layers that are electroplated in the disclosed manner exhibit low sheet resistance and are readily annealed at low 
temperatures. 
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APPARATUS AND METHOD FOR ELECTROCHEMICALLY DEPOSITING 
METAL ON A SEMICONDUCTOR WORKPDECE 

Cross-Reference to Related Applications 
The present application is a continuation of U.S. Patent Application 
5 No. 09/387,099, filed August 31, 1999, which is a continuation of International 
Patent Application No. PCT/US99/06306, filed March 22, 1999, designating the 
United States, which is a continuation-in-part of U.S. Patent Application 
No. 09/045,245, filed March 20, 1998, and claiming the benefit of U.S. Provisional 
Patent Application No. 60/085,675, filed May 15, 1998; and is a continuation of 
10 . International Patent Application No. PCT/US00/10120, filed April 13, 2000, 
designating the United States and claiming the benefit of U.S. Provisional Patent 
Application Nos. 60/182,160, filed February 14, 2000; 60/143,769, filed July 12, 
1999, and 60/129,055, filed April 13, 1999; and claims the benefit of U.S. 
Provisional Patent Application No. 60/206,663, filed May 24, 2000, the disclosures 
15 of each of which are hereby expressly incorporated by reference. 

Field of the Invention 
The present invention relates to electrochemical processing of workpieces, 
and particularly for processes, apparatus and chemical solutions for depositing metals 
on microelectronic and micromechanical workpieces. 
20 Background of the Invention 

In the fabrication of microelectronic devices, application of one or more 
metallization layers is often an important step in the overall fabrication process. The 
metallization may be used in the formation of discrete microelectronic components, 
such as read/write heads, but it is more often used to interconnect components 
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formed on a workpiece, such as a semiconductor workpiece. For example, such 
structures are used to interconnect the devices of an integrated circuit. 

A basic understanding of certain terms used herein will assist the reader in 
understanding the disclosed subject matter. To this end, basic definitions of certain 
terms, as used in the present disclosure, are set forth below. 

Single Metallization Level is defined as a composite level of a workpiece 

that is exterior to the substrate. The composite level comprises one 

or more metal structures. 
Substrate is defined as a base layer of material over which one or more 

metallization levels are disposed. The substrate may be, for 

example, a semiconductor, a ceramic, etc. 
Workpiece is defined as an object that at least comprises a substrate, and 

may include farther layers of material or manufactured components, 

such as one or more metallization levels, disposed on the substrate. 

The workpiece may be, for example, a semiconductor wafer, a 

micromechanical device, or other device. 
An integrated circuit is an interconnected ensemble of devices formed within 
a semiconductor material and within a dielectric material that overlies a surface of 
the semiconductor. Devices which may be formed within the semiconductor include 
MOS transistors, bipolar transistors, diodes and diffused resistors. Devices which 
may be formed within the dielectric include thin-film resistors and capacitors. 
Typically, more than 100 integrated circuit die (IC chips) are constructed on a 
single 8 inch diameter silicon wafer. The devices utilized in each dice are 
interconnected by conductor paths formed within the dielectric. Typically, two or 
more levels of conductor paths, with successive levels separated by a dielectric layer, 
are employed as interconnections. In current practice, an aluminum alloy and silicon 
oxide are typically used for, respectively, the conductor and dielectric. 

Delays in propagation of electrical signals between devices on a single die 
limit the performance of integrated circuits. More particularly, these delays limit the 
speed at which an integrated circuit may process these electrical signals. Larger 
propagation delays reduce the speed at which the integrated circuit may process the 
electrical signals, while smaller propagation delays increase this speed. Accordingly, 
integrated circuit manufacturers seek ways in which to reduce the propagation delays. 

For each interconnect path, signal propagation delay may be characterized by 
a time delay t. See E.H. Stevens, Interconnect Technology, QMC, Inc., July 1993. 
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An approximate expression for the time delay, x, as it relates to the transmission of a 
signal between transistors on an integrated circuit is given below. 

x =RC[1+(V SA t//RIsat)3 

In this equation, R and C are, respectively, an equivalent resistance and 
capacitance for the interconnect path and I S at and V S at are, respectively, the 
saturation (maximum) current and the drain-to-source potential at the onset of current 
saturation for the transistor that applies a signal to the interconnect path. The path 
resistance is proportional to the resistivity, p, of the conductor material. The path 
capacitance is proportional to the relative dielectric permittivity, K^, of the dielectric 
material. A small value of t requires that the interconnect line carry a current density 
sufficiently large to make the ratio V S at//RIsat small. It follows therefore, that a 
low-p conductor which can carry a high current density and a low-K^ dielectric must 
be utilized in the manufacture of high-performance integrated circuits. 

To meet the foregoing criterion, copper interconnect lines within a low-K e 
dielectric will likely replace aluminum-alloy lines within a silicon oxide dielectric as 
the most suitable interconnect structure. See "Copper Goes Mainstream: Low-k to 
Follow", Semiconductor International, November 1997, pp. 67-70. Resistivities of 
copper films are in the range of 1.7 to 2.0 nDcrn.; resistivities of aluminum-alloy 
films are in the range of 3.0 to 3.5 fiflcm. 

Despite the advantageous properties of copper, it has not been as widely used 
as an interconnect material as one would expect. This is due, at least in part, to the 
difficulty of depositing copper metallization and, further, due to the need for the 
presence of barrier layer materials. The need for a barrier layer arises from the 
tendency of copper to diffuse into silicon junctions and alter the electrical 
characteristics of the semiconductor devices formed in the substrate. Barrier layers 
made of, for example, titanium nitride, tantalum nitride, etc., must be laid over the 
silicon junctions and any intervening layers prior to depositing a layer of copper to 
prevent such diffusion. 

A number of processes for applying copper metallization to semiconductor 
workpieces have been developed in recent years. One such process is chemical vapor 
deposition (CVD), in which a thin copper film is formed on the surface of the barrier 
layer by thermal decomposition and/or reaction of gas phase copper compositions. A 
CVD process can result in conformal copper coverage over a variety of topological 
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profiles, but such processes axe expensive when used to. implement an entire 
metallization layer. 

Another known technique, physical vapor deposition (PVD), can readily 
deposit copper on the barrier layer with relatively good adhesion when compared to 
CVD processes. One disadvantage of PVD processes, however, is that they result in 
poor (non-conformal) step coverage when used to fill microstructures, such as vias 
and trenches, disposed in the surface of the semiconductor workpiece. For example, 
such non-conformal coverage results in less copper deposition at the bottom and 
especially on the sidewalls of trenches in the semiconductor devices. 

Inadequate deposition of a PVD copper layer into a trench to form an 
interconnect line in the plane of a metallization layer is illustrated in FIGURE 1. As 
illustrated, the upper portion of the trench is effectively "pinched off 1 before an 
adequate amount of copper has been deposited within the lower portions of the 
trench. This result in an open void region that seriously impacts the ability of the 
metallization line to carry the electrical signals for which it was designed. 

Electrochemical deposition of copper has been found to provide the most 
cost-effective manner in which to deposit a copper metallization layer. In addition to 
being economically viable, such deposition techniques provide substantially 
conformal copper films that are . mechanically and electrically suitable for 
interconnect structures. These techniques, however, are generally only suitable for 
applying copper to an electrically conductive layer. As such, an underlying 
conductive seed layer is generally applied to the workpiece before it is subject to an 
electrochemical deposition process. Techniques for electrodeposition of copper on a 
barrier layer material have not heretofore been commercially viable. 

The present inventors have recognized that there exists a need to provide 
copper metallization processing techniques that 1) provide conformal copper 
coverage with adequate adhesion to the barrier layer, 2) provide adequate deposition 
speeds, and 3) are commercially viable. These needs are met by the apparatus and 
processes of the present invention as described below. 

Brief Summary of the Invention 

The present invention provides processes and apparatus for enhancing or 
repairing ultra-thin or incomplete metal seed layers that have been deposited on a 
workpiece, using electrolytic or electroless plating baths, in an electrodeposition 
reactor that is designed and adaptable for substrates having differing electrical 
properties. 
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One embodiment of the invention provides a process for applying a 
metallization interconnect structure to a workpiece on which an ultra-thin metal seed 
layer has been formed using a first deposition process. The first deposition process 
anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin metal 
seed layer having physical characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. The process entails 
repairing the ultrarthin metal seed layer by electrochemically depositing additional 
metal on the ultra-thin metal seed layer within a principal fluid chamber of a reactor 
to provide an enhanced seed layer using a second deposition process. The second 
deposition process, which is different from the first deposition process, entails 
supplying electroplating power to a plurality of concentric anodes disposed at 
different positions within the principal fluid. flow chamber relative to the workpiece. 
After seed layer repair, additional metal is deposited in an electrolytic bulk plating 
process onto the enhanced seed layer, under conditions in which the deposition rate 
of the electrolytic deposition process is substantially greater than the deposition rate 
of the process used to repair the metal seed layer. 

Another embodiment of the invention provides a process for applying a 
metallization interconnect structure to a workpiece on which an ultra-thin metal seed 
layer has been formed using a first deposition process. The first deposition process 
anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin metal 
seed layer having physical characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. The process entails 
repairing the ultra-thin metal seed layer by electrochemically depositing additional 
metal on the ultra-thin metal seed layer within a principal fluid chamber of a reactor 
to provide an enhanced seed layer using a second deposition process, that is different 
from the first deposition process. The second deposition process entails supplying 
electroplating power to a plurality of electrodes within the principal fluid flow 
chamber. At least two of the plurality of electrodes are independently connected to 
an electrical power supply. The supply of electrical power to the at least two 
electrodes is independently controlled during repair of the ultra-thin metal seed layer. 
After repair of the seed layer, additional metal is electrolytically deposited on the 
enhanced seed layer under conditions in which the deposition rate of the electrolytic 
deposition process is substantially greater than the deposition rate of the process used 
to repair the metal seed layer. 
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Another embodiment of the invention provides a process for applying a 
metallization interconnect structure to a workpiece on which an ultra-thin metal seed 
.layer has been formed using a first deposition process. The first deposition process 
anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin metal 
seed layer having physical characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. The process entails 
subjecting the workpiece to an electrochemical deposition process that is different 
from the first deposition process, in an alkaline electroplating bath. The alkaline 
electroplating bath includes metal ions complexed with a complexing agent such that 
additional metal is deposited on the ultra-thin copper seed layer to thereby repair the 
seed layer. This results in an enhanced seed layer. The second deposition process is 
carried out by supplying electroplating power to a plurality of concentric anodes 
disposed at different positions, relative to the workpiece, within a principal fluid flow 
chamber of a reactor. Thereafter, additional metal is deposited on the enhanced seed 
layer using an electrolytic bulk deposition process under conditions in which the 
deposition rate of the electrolytic deposition process is substantially greater than the 
deposition rate of the process used to repair the metal seed layer. 

Another embodiment of the invention provides a process for applying a 
metallization interconnect structure to a workpiece on which an ultra-thin metal seed 
layer has been formed using a first deposition process. The first deposition process 
anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin metal 
seed layer having physical characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. The process entails 
subjecting the workpiece to an electrochemical deposition process that is different 
from the first deposition process, in an alkaline electroplating bath. The bath 
includes metal ions complexed with a complexing agent such that additional metal is 
deposited on the ultra-thin copper seed layer to thereby repair the seed layer, 
resulting in an enhanced seed layer. The first deposition process entails supplying 
electroplating power to a plurality of electrodes within the principal fluid flow 
chamber, wherein at least two of the plurality of electrodes are independently 
connected to an electrical power supply. The supply of electrical power to the at 
least two electrodes is independently controlled during repair of the ultra-thin metal 
seed layer. Thereafter additional metal is electrolytically deposited on the enhanced 
seed layer under conditions in which the deposition rate of the electrolytic deposition 
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process is substantially greater than the deposition rate of the process used to repair 
the metal seed layer. 

Another embodiment of the invention provides a process for applying a 
metallization interconnect structure to a workpiece on which an ultra-thin metal seed 
layer has been formed using a first deposition process. The first deposition process 
anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin metal 
seed layer having physical characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. The process entails 
repairing the ultra-thin metal seed layer by electrochemically depositing additional 
metal on the ultra-thin metal seed layer within a principal fluid chamber of a reactor 
to provide an enhanced seed layer using a second deposition process, that is different 
from the first deposition process. During repair, the workpiece is exposed to an 
electroplating solution within a fluid flow chamber of a reactor. The fluid flow 
chamber defines a sidewall and a plurality of nozzles disposed in the sidewall and 
arranged and directed to provide vertical and radial, fluid flow components that 
combine to create a substantially uniform normal flow component radially across a . 
surface of the workpiece on which the ultra-thin metal seed layer is formed. 
Thereafter, additional metal is electrolytically deposited on the enhanced seed layer 
under conditions in which the deposition rate of the' deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer. 

Another embodiment of the invention provides a process for applying a 
metallization interconnect structure to a workpiece on which an ultra-thin metal seed 
layer has been formed using a first deposition process. The first deposition process 
anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin metal 
seed layer having physical characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. The process entails 
subjecting the workpiece to an electrochemical deposition process that is different 
from the first deposition process, in an alkaline electroplating bath. The bath 
includes metal ions complexed with a complexing agent such that additional metal is 
deposited on the ultra-thin copper seed layer to thereby repair the seed layer, 
resulting in an enhanced seed layer. During repair, the workpiece is exposed to an 
electroplating solution within a fluid flow chamber of a reactor, the fluid flow 
chamber defining a sidewall and a plurality of nozzles disposed in the sidewall and 
arranged and directed to provide vertical and radial fluid flow components that 
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combine to create a substantially uniform normal flow component radially across a 
surface of the workpiece on which the ultra-thin metal seed layer is formed. 
Thereafter, additional metal is deposited on the enhanced seed layer under 
electrolytic plating conditions in which the deposition rate of the deposition process 
is substantially greater than the deposition rate of the process used to repair the metal 
seed layer. 

Another embodiment of the invention provides a process for applying 
a metallization interconnect structure to a workpiece on which an ultra-thin metal 
seed layer has been formed using a first deposition process. The first deposition 
process anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin 
metal seed layer having physical characteristics that render it generally unsuitable for 
bulk electrolytic deposition of a metal onto the metal seed layer. The process entails 
repairing the ultra-thin metal seed layer by electrochemically depositing additional 
metal on the ultra-thin metal seed layer within a principal fluid chamber of a reactor 
to provide an enhanced seed layer using a second electrolytic or electroless 
deposition process, that is different from the first deposition process. Thereafter, 
additional metal is electrolytically deposited in bulk on the enhanced seed layer 
under conditions in which the deposition rate of the electrolytic deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed Jayen The bulk deposition process entails supplying electroplating power to a 
plurality of concentric anodes' disposed at different positions within the principal 
fluid flow chamber relative to the workpiece. 

Another embodiment of the invention provides a process for applying a 
metallization interconnect structure to a workpiece on which an ultra-thin metal seed 
layer has been formed using a first deposition process. The first deposition process 
anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin metal 
seed layer having physical characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. The process entails 
repairing the ultra-thin metal seed layer by electrolytically or electrolessly depositing 
additional metal on the ultra-thin metal seed layer to provide an enhanced seed layer 
using a second deposition process, that is different from the first deposition process. 
Thereafter, additional metal is electrolytically bulk deposited on the enhanced seed 
layer within a principal fluid chamber of a reactor under conditions in which the 
deposition rate of the electrolytic deposition process is substantially greater than the 
deposition rate of the process used to repair the metal seed layer. The bulk 
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deposition entails supplying electroplating power to a plurality of electrodes within 
the principal fluid flow chamber, wherein at least two of the plurality of electrodes 
are independently connected to an electrical power supply. The supply of electrical 
power to the at least two electrodes is independently controlled during deposition. 

Another embodiment of the invention provides a process for applying a 
metallization interconnect structure to a workpiece on which an ultra-thin metal seed 
layer has been formed using a first deposition process. The first deposition process 
anchors the ultra-thin metal seed layer to an underlying layer, the ultra-thin metal 
seed layer having physical characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. The process entails 
repairing the ultra-thin metal seed layer by electrochemically depositing additional 
metal on the ultra-thin metal seed layer to provide an enhanced seed layer using a 
second deposition process, that is different from the first deposition process. 
Thereafter, additional metal is electrochemically bulk deposited on the enhanced seed 
layer within a principal fluid chamber of a reactor under conditions in which the 
deposition rate of the deposition process is substantially greater than the deposition 
rate of the process used to repair the metal seed layer. The bulk deposition entails 
exposing the workpiece to an electroplating solution within a fluid flow chamber of a 
reactor, the fluid flow chamber defining a sidewall and a plurality of nozzles 
disposed in the sidewall and arranged and directed to provide vertical and radial fluid 
flow components that combine to create a substantially uniform normal flow 
component radially across a surface of the workpiece on which the ultra-thin metal 
seed layer is formed. 

The present invention employs a novel approach to the metallization of a 
workpiece, such as a semiconductor workpiece. In. accordance with the invention, an 
alkaline electroplating bath is suitably used to electroplate metal onto a seed layer, 
electroplate metal directly onto a barrier layer material, or repair (i.e., enhance) an 
ultra-thin copper seed layer which has been deposited on the barrier layer using a 
deposition process such as PVD or CVD. The metal deposition in the alkaline bath 
suitably takes place in a reactor including a plurality of electrodes. In a first 
embodiment the electrodes are concentric annular anodes arranged at differing 
positions relative to the workpiece. In a second embodiment, the plurality of 
electrodes are independently controlled for greater uniformity in metal deposition 
across the workpiece. In a third embodiment, the reactor is configured to induce a 
helical flow pattern in the plating bath solution during deposition. 
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The resulting metal layer provides an excellent conformal copper coating that 
fills trenches, vias, and other microstructures in the workpiece. When used for seed 
layer enhancement, the resulting metal seed layer provides an excellent conformal 
metal coating that allows the microstructures to be filled with a copper layer having 
good uniformity using electrochemical deposition techniques. Further, metal layers 
that are electroplated in the disclosed manner exhibit low sheet resistance and are 
readily annealed at low temperatures. 

The disclosed process, as noted above, is applicable to a wide range of steps 
used in the manufacture of a metallization layer in a workpiece. The workpiece may, 
for example, be a semiconductor workpiece that is processed to form integrated 
circuits or other microelectronic components, or a micromechanical device. Without 
limitation as to the applicability of the disclosed invention, a process for enhancing a 
seed layer is described. 

A process for applying a metallization interconnect structure to a workpiece 
having a barrier layer deposited on a surface thereof is also set forth. The process 
includes the forming of an ultra-thin metal seed layer on the barrier layer. The ultra- 
thin seed layer has a thickness of less than or equal to about 500 Angstroms and may 
be formed from any material that can serve as a seed layer for subsequent metal 
deposition. Such metals include, for example, copper, copper alloys, aluminum, 
aluminum alloys, nickel, nickel alloys, zinc, chromium, tin, gold, silver, lead, 
cadmium, platinum, palladium, iridium and ruthenium, etc. The ultra-thin seed layer 
is then enhanced or repaired by depositing additional metal thereon in a separate 
deposition step to provide an enhanced seed layer that is suitable for use in a primary 
metal deposition. The metal deposition in the alkaline bath suitably takes place in a 
reactor including a plurality of electrodes. In a first embodiment the electrodes are 
concentric annular anodes arranged at differing positions relative to the workpiece. 
In a second embodiment, the plurality of electrodes are independently controlled for 
greater uniformity in metal deposition across the workpiece. In a third embodiment, 
the reactor is configured to induce a helical flow pattern in the plating bath solution 
during deposition. The enhanced seed layer has a thickness at all points on sidewalls 
of substantially all recessed features distributed within the workpiece that is equal to 
or greater than about 1 0% of the nominal seed layer thickness over an exteriorly 
disposed surface of the workpiece. 

In accordance with a specific embodiment of the process, a copper-containing 
metallization interconnect structure is formed. To this end, the ultra-thin seed layer 
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is enhanced or repaired by subjecting the semiconductor v/orkpiece to an 
electrochemical copper deposition process in which an alkaline bath having a 
complexing agent is employed. The copper complexing agent may be at least one 
complexing agent selected from a group consisting of EDTA, ED, and a 
polycarboxylic acid such as citric acid or salts thereof. 

In an alternate embodiment, the seed layer may be enhanced by using an 
electroless plating bath composition, such as an electroless copper sulfuric acid bath. 
Brief Description of the Several Views of the Drawings 

FIGURE 1 is a cross-sectional view illustrating an interconnect line formed 
completely by PVD copper. 

FIGURES 2A -2E are cross-sectional views through a semiconductor 
workpiece illustrating the various layers of material as they are applied in accordance 
with one embodiment of the present invention. 

FIGURE 3 is a schematic representation of a first reactor suitable for 
enhancing an ultra-thin seed layer. 

FIGURE 4A is a graph illustrating 'the current-potential curves of a plating 
solution using a polycarboxylic acid, such as citric acid, as a complexing agent. 

FIGURE 4B a graph illustrating the current-potential curves of a plating 
solution using EDTA, an amine-containing plating solution, as the complexing agent. 

FIGURE 4C is a graph of sheet resistance change with annealing temperature 
for copper films deposited from a bath solution with and without ammonium sulfate. 

FIGURE 4D is a graph illustrating plating solution conductivity as a function 
of ethylene glycol concentration in collating solutions with and without ammonium 
sulfate. 

FIGURE 5 is a scanning electromicrograph photograph illustrating an ultra- 
thin seed layer. 

FIGURE 6A is a scanning electromicrograph photograph illustrating an ultra- 
thin seed layer that has been enhanced in a citric acid bath. 

FIGURE 6B is a scanning electromicrograph photograph illustrating an ultra- 
thin seed layer that has been enhanced in an EDTA bath. 

FIGURE 7 is a schematic representation of a portion of a semiconductor 
manufacturing line suitable for implementing the disclosed seed layer enhancement 
steps. 

FIGURE 8 is a cross-sectional view of another embodiment of an 
electroplating reactor assembly that may incorporate the present invention. 
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FIGURE 9 is a schematic diagram of one embodiment of a reactor chamber 
that may be used in the reactor assembly of FIGURE 8 and includes an illustration of 
the velocity flow profiles associated with the flow of processing fluid through the 
reactor chamber. 

FIGURES 1 OA, 10B, 11 and 12 illustrate a specific construction of a 
complete processing chamber assembly that has been specifically adapted for 
electrochemical processing of a semiconductor wafer and that has been implemented 
to achieve the velocity flow profiles set forth in FIGURE 9. 

FIGURES 13 and 14 illustrate a complete processing chamber assembly that 
has been constructed in accordance with a further embodiment of the present 
invention. 

FIGURES 15 and 16 are a cross-sectional views of illustrative velocity flow 
contours of the processing chamber embodiment of FIGURES 13 and 14. 

FIGURES 17 and 18 are graphs illustrating the manner in which the anode 
configuration of the processing chamber may be employed to achieve uniform 
plating. 

FIGURES 19 and 20 illustrate a modified version of the processing chamber 
of FIGURES 13 and 14. 

FIGURES 21 and 22 illustrate two embodiments of processing tools that may 
incorporate one or more processing stations constructed in accordance with the 
teachings of the present invention. 

FIGURE 23 is schematic block diagram of an electrochemical processing 
system constructed in accordance with one embodiment of the present invention. 

FIGURE 24 is a flowchart illustrating one manner in which the system of 
FIGURE 23 can use a predetermined set of sensitivity values to generate a more 
accurate electrical parameter set for use in meeting targeted physical characteristics 
in the processing of a microelectronic workpiece. 

FIGURE 25 is a graph of the change in electroplated film thickness per 
change in current-time as a function of radial position on a microelectronic 
workpiece for each of a plurality of individually controlled anodes, such as those 
shown at Al - A4 of FIGURE 23. 

Detailed Description of the Invention 

The present invention employs a novel approach to applying copper 
metallization to a workpiece, such as a semiconductor workpiece. In accordance 
with the invention, an alkaline electrolytic or electroless bath containing a metal ion 
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to be deposited, such as an alkaline electrolytic copper bath, is used to electroplate 
metal onto a seed layer, electroplate metal directly onto a barrier layer material, or 
enhance or repair an ultra-thin metal seed layer which has been deposited on the 
barrier layer using a deposition process such as CVD or PVD. After enhancement of 
the ultra-thin metal seed layer, additional metal is suitable deposited, under differing 
conditions onto the enhanced seed layer, in a bulk fill process. 

The present invention pertains to processes for applying a metallization layer. 
Although the disclosed method may be used in connection with a substantial number 
of different metal compositions, the specific embodiment disclosed herein is directed 
to the application of a copper-containing metallization layer. To this end, an alkaline 
electrolytic copper bath is used to enhance an ultra-thin copper seed layer which has 
been deposited on a barrier layer using a deposition process such as PVD. The 
enhanced copper seed layer provides an excellent conformal copper coating that 
allows trenches and vias to be subsequently bulk filled with a copper layer having 
good uniformity using electrochemical deposition techniques. 

The seed layer enhancement process, or the bulk fill process, or both 
processes, are suitably carried out in a reactor that, includes a plurality of anodes. 
The plurality of anodes may be arranged concentrically, or may be individually 
controlled with respect to applied voltage potential or current, to effect the uniformity 
of metal deposition across the workpiece. The seed layer enhancement and/or the 
bulk fill may also be carried out in. a reactor that includes one or more jets, through 
which process fluid is introduced into a reaction chamber. The jets are angularly 
disposed relative to a chamber sidewall to create vertical* and radial fluid flow 
components that combine to provide a substantially uniform normal flow component 
radially across a surface of the workpiece on which the metal is deposited. These 
processes and reactors in which they are suitable carried out will be described 
subsequently herein below. 

A cross-sectional view of a micro-structure, such as trench 5, that is to be 
filled with copper metallization is illustrated in FIGURE 2A and will be used to 
describe the seed layer enhancement aspects of the present invention. As shown, a 
thin barrier layer 10 of, for example, titanium nitride or tantalum nitride is deposited 
over the surface of a semiconductor device or, as illustrated in FIGURE 2A, over a 
layer of a dielectric 8, such as silicon dioxide. The barrier layer 10 acts to prevent 
the migration of copper to any semiconductor device formed in the substrate. Any of 
the various known techniques, such as CVD or PVD, can be used to deposit the 
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barrier layer depending on the particular barrier material being used. Suitably, the 
thickness for the barrier layer is approximately 100 to 300 Angstroms. 

After the deposition of the barrier layer, an ultra-thin copper seed layer 15 is 
deposited on the barrier layer 10/ The resulting structure is illustrated in 
FIGURE 2B. Suitably, the copper seed layer 15 is formed using a vapor deposition 
technique, such as CVD or PVD. In order to have adequate adhesion and copper 
coverage, a relatively thick (1000 Angstroms) copper seed layer is usually required. 
Such a thick seed layer leads to problems with close-off of small geometry trenches, 
however, when a PVD deposition process is employed for applying the seed layer. 

Contrary to traditional thoughts regarding seed layer application, the copper 
seed layer 35 of the illustrated embodiment is ultra-thin, having a thickness of 
about 50 to about 500 Angstroms, suitably about 100 to about 250 Angstroms, and 
still more suitably about 200 Angstroms. The ultra-thin copper seed layer can be 
deposited using a CVD or a PVD process, or a combination of both. PVD is the 
preferred application process, however, because it can readily deposit copper on the 
barrier layer 10 with relatively good adhesion. By depositing an ultra-thin seed layer 
of copper, rather than the relatively thick seed layer used in the prior art, pinching off 
of the trenches can be avoided. 

The use of an ultra-thin seed layer 15 generally introduces its own set of 
problems. One of the most significant of these problems is the fact that such ultra- 
thin layers do not generally coat the barrier layer 10 in a uniform manner. Rather, 
voids or non-continuous seed layer regions on the sidewalis, such as at 20, are often 
present in an ultra-thin seed layer 15 thereby resulting in the inability to properly 
apply a subsequent electrochemically deposited copper layer in the regions 20. 
Further, ultra-thin seed layers tend to include spikes, such as at 21, that impact the 
uniformity of the subsequent electrolytically deposited metal layer. Such spikes 21 
result in high potential regions at which the copper deposits at a higher rate than at 
other, more level regions. As such, the seed layer 15 is not fully suitable for the 
traditional electroplating techniques typically used after application of a seed layer. 

The present inventors have found that an ultra-thin seed layer can be 
employed if it is combined with a subsequent electrochemical seed layer 
enhancement technique. In a first embodiment, the electrochemical enhancement 
technique is an electroplating technique using an alkaline plating bath. An alternate 
embodiment of electrochemical deposition to enhance or repair an ultra-thin or 
otherwise incomplete or deficient seed layer uses an electroless plating bath. 
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Electroless plating baths are well known in the art, such as electroless copper sulfuric 
acid baths, and are used in accordance with the present invention to deposit 
additional metal on the initial ultra-thin seed layer to repair or enhance the seed layer. 

The preferred technique of electroplating in an alkaline bath to repair or 
enhance a seed layer will now be described. To this end, the semiconductor 
workpiece is subject to a subsequent process step in which a further amount of 
copper 18 is applied to the ultra-thin seed-layer to thereby enhance the seed layer. A 
seed layer enhanced by the additional deposition of copper is illustrated in 
FIGURE 2C As shown in FIGURE 2C, the void or non-continuous regions 20 of 
FIGURE 2B have been filled thereby leaving substantially all of the barrier layer 10 
covered with copper. 

Suitably, the seed layer enhancement process continues until a sidewall step 
coverage, i.e., the ratio of the seed layer thickness at the bottom sidewall regions 22 
to the nominal thickness of the seed layer at the exteriorly disposed side 23 of the 
workpiece, achieves a value of at least 10%. More suitably, the sidewall step 
coverage is at least about 20%. Such sidewall step coverage values are present in 
substantially all of the recessed structures of the semiconductor workpiece. It will be 
recognized, however, that certain recessed structures distributed within the 
semiconductor workpiece may not reach these sidewall step coverage values. For 
example, such structures disposed at the peripheral edges of a semiconductor wafer 
may not reach these step coverage values. Similarly ,^ defects or contaminants at the 
situs of certain recessed structures may prevent them from reaching the desired 
coverage values. The nominal thickness of the enhanced seed layer at the exteriorly 
disposed side of the workpiece is suitably in the range of 500 angstroms 1600 
angstroms. 

Although the embodiment of the process disclosed herein is described in 
connection with copper metallization, it is understood that the basic principle of the 
enhancement of an ultra-thin seed layer prior to the bulk deposition thereof can be 
applied to other metals or alloys that are capable of being electroplated. Such metals 
include iron, nickel, cobalt, zinc, copper-zinc, nickel-iron, cobalt-iron, etc. 

The embodiments disclosed above utilize depositing a metal, such as copper, 
during seed layer enhancement. It should be understood that alternately a metal 
alloy, such as a copper alloy may be applied. The alloy is suitably selected to include 
an element or elements that preferentially locate at the interfaces between differing 
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materials, which enhances anchorage of the materials, and also may lead to improved 
electromigration effect. 

A thermal processing step may also be employed after seed layer 
enhancement deposition,- at an elevated temperature selected to cause material 
diffusion at the interfaces between materials, thereby anchoring the materials or 
components thereof together. 

A schematic representation of a reactor 25 suitable for enhancing the ultra- 
thin copper seed layer is illustrated in FIGURE 3. It will be recognized that this 
apparatus is also suitable for applying a blanket plating layer and/or full-fill plating 
of recessed micro-structures. As shown, a semiconductor workpiece, such as a 
semiconductor wafer 30, is positioned face down in a bath 35 of electroplating 
solution. One or more contacts 40 are provided to connect the wafer 30 to a plating 
power supply 45 as a cathode of an electroplating cell. An anode 50 is disposed in 
the bath 35 and is connected to the plating power supply 45. Suitably, a diffuser 55 
is disposed between the anode 50 and the wafer/cathode 30. The wafer 30 may be 
rotated about axis 60 during the enhancement process. Anode 50 may be provided 
with a dielectric shield 65 at a backside thereof which faces an incoming stream of 
plating bath fluid. Alternate and preferred reactors for use in the present invention 
will be described subsequently herein below. 
A. Electroplating Solutions And Processes 

As noted above, certain aspects of the present invention relate to new and 
useful plating solutions. These solutions can be used for blanket plating, full-fill of 
the recessed micro-structures, seed layer enhancement, etc. The preferred 
electrolytic bath solution for enhancing the seed layer is an alkaline copper bath in 
which copper ions are complexed with a complexing agent. A suitable composition 
and range of concentrations for the various components of the plating bath include 
the following: • 

1 . . Copper sulfate: 0.03M to 0.25M (suitably, 0.04); 

2. Complexing agent: complex to metal ratios from 1 to 4, 
suitably 2; 

3. Boric acid: 0.01M to 0.5M, suitably 0.05M; and 

4. pH: 5 -13, suitably 9.5. 

A suitable source of copper ions is copper sulfate (CuS0 4 ). The 
concentration of copper sulfate in the bath is suitably within the range of 0.03 to 0.25 
M, and is more suitably about 0.1 M. 
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Complexing agents that are suitable for use in the present invention form a 
stable complex with copper ions and prevent the precipitation of copper hydroxide. 
Ethylene diamine tetracetic acid (EDTA), ethylene diamine (ED), citric acid, and 
their salts have been found to be particularly suitable copper complexing agents. The 
molar ratio of complexing agent to copper sulfate in the bath is suitably within the 
range of 1 to 4, and is suitably about 2. Such complexing agents can be used alone, 
in combination with one another, or in combination with one or more further 
complexing agents. 

The electrolytic bath is suitably maintained at a pH of at least 9.0. Potassium 
hydroxide, ammonium hydroxide, tetramethylammonium hydroxide, or sodium 
hydroxide is utilized to adjust and maintain the pH at the desired level of 9.0 or 
above. A suitable pH for a citric acid or ED bath is about 9.5, while a suitable pH for 
an EDTA bath is about 12.5. As noted above, the complexing agent assists in 
preventing the copper from precipitating at the high pH level. 

Additional components can be added to the * alkaline copper bath. For 
example, boric acid (H 3 B0 3 ) aids in maintaining the pH at 9.5 when citric acid or ED 

is used as the complexing agent, and provides brighter copper deposits when added 
to an electrolytic bath containing EDTA as the complexing agent. If boric acid is 
added, its concentration in the bath is suitably within the range of 0.01 to 0.5 M. 

In general, the temperature of the bath can be within the range of 20 to 35°C, 
with 25°C being a suitable temperature. The current density for electrolytically 
depositing copper to enhance the copper seed layer can be 1 to 5 milliamps/cm 2 , 
while a plating time of about 1 to about 5 minutes is sufficient to enhance the copper 
seed layer. The plating waveform may be, for example, a forward periodic pulse 
having a period of 2 msec at a 50% duty cycle. 

An amine free acid complexing agent, for example, a polycarboxylic acid, 
such as citric acid, and salts thereof, is preferable to the use of EDTA or ED. EDTA 
and ED include amine groups. These amine groups often remain on the surface of 
the semiconductor workpiece after rinsing and drying of the wafer. Subsequent 
processes, particularly such processes as photolithographic processes, may be 
corrupted by the reactions resulting from the presence of these amine groups. The 
amine groups may, for example, interfere with the chemical reactions associated with 
th exposing and/or curing of photoresist materials. As such, amine free complexing 
agents are particularly suitable in processes in which a photolithographic process 
follows an electrodeposition process. 
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A further advantage of using a polycarboxylic acid, such as citric acid, stems 
from the fact that the magnitude of the voltage potential at which the copper is plated 
is greater than the magnitude of the voltage potential at which the copper is plated in 
a bath containing EDTA. This is illustrated in FIGURES 4A and4B where 
FIGURE 4A is a current-potential graph for a citric acid bath, and FIGURE 4B is a 
current-potential graph for an EDTA bath. Electroplating takes place at the voltage 
where the corresponding current increases abruptly. This plating voltage is referred 
to as the deposition potential, which is approximately -1.25 volts as shown in 
FIGURE 4A for a bath employing citric acid as the complexing agent, and is 
approximately -1 .0 volts as shown in FIGURE 4B for a bath employing EDTA as the 
complexing agent. The current peaks (70 70' for the a bath containing a citric acid, 
and 72, 72' for the bath containing the EDTA) are the limiting currents which are 
mainly determined by mass transfer and the concentration of copper ions in the 
plating solutions. As illustrated, the magnitude of the current and the particular 
plating potential is slightly dependent on the substrate material. The different 
substrate results are illustrated in FIGURES 4 A and4B, where 70 and 72 are the 
curves for a copper substrate material, and 70' and 72' are curves for a. copper 
substrate material comprised of copper with a copper oxide coating. It is noted that 
additional peaks occur on oxidized copper in the same electrolytes. These peaks are 
related to the electrochemical reduction of copper oxide to metallic copper before the 
alkaline electrochemical copper deposition. 

It is believed that a copper layer plated at a higher plating potential in an 
alkaline bath provides greater adhesion to the underlying barrier layer than a copper 
layer plated at a lower plating potential in an acid bath. For copper to adhere to the 
barrier material, it is thought that copper ions must impinge on the barrier surface 
with sufficient energy to penetrate a thin oxidized or contaminated layer at the barrier 
surface. It is therefore believed that a copper layer deposited at a higher magnitude 
plating potential adhere is better to the exposed barrier layer during the plating 
process when compared to a layer plated using a smaller magnitude plating potential.. 
This factor, combined with the inter-copper chemical bond between the PVD copper 
and the electrochemically deposited copper provides for an enhanced seed layer 
having excellent electrical as well as barrier adhesion properties. Such characteristics 
are also desirable for films used in blanket plating, full-fill plating, pattern plating, 
etc. 



WO 02/45476 



19 



PCT/US01/46910 



It has been found that the resistivity of the deposited copper film is directly 
related to the resistivity of the plating bath solution. Additives that assist in lowering 
the resistivity of the solution therefore provide a corresponding reduction in the 
resistivity of the deposited film. 

Experimental results indicate that addition of ammonium sulfate significantly 
reduces the resistivity of the plating bath solution and, as such, the deposited film. 
The sheet resistance obtained for different amounts of ammonium sulfate are 
compared in the graph FIGURE 4C. As can be seen, the highest sheet resistance, 
either with or without annealing at high temperatures, was obtained in the bath 
containing no ammonium sulfate. If ammonium hydroxide was used to adjust pH in 
which a trace amount of ammonium sulfate is introduced to the bath, the sheet 
resistance was reduced from 76 to 23. As the concentration of ammonium sulfate 
increased from 0.1 M to 0.5 M, the sheet resistance continuously decreased in a 
corresponding manner. 

Although ammonium sulfate assists in reducing the sheet resistance of the 
deposited copper layer, experimental results indicate that it reduces the conformality 
of the resulting copper film. However, the addition of ethylene glycol to the 
ammonium sulfate containing solution substantially increases the conformality of the 
resulting deposit. Figure 4D illustrates the relationship between the concentration of 
ethylene glycol and the conductivity of a plating solution containing 0.2M the of 
ammonium sulfate. 

A suitable composition and range of concentrations for the various 
components of a plating bath having ammonium sulfate. include the following: 

1 . Copper sulfate: 0.03M to 0.5M (suitably, 0.25M); 

2. Complexing agent: complex to metal ratios from 1 to 4, 
suitably 2 using ED; 

3. Ammonium sulfate: 0.01M to 0.5M, suitably 0.3M; and 

4. Boric acid: 0.00 to 0.5M, suitably 0.2M. 

As noted above, such a bath composition can be used for blanket plating, 
pattern plating, full-fill plating, and seed layer enhancement. 

With reference again to the specific seed layer enhanced aspects of the 
present invention, the enhanced seed layer of FIGURE 2C is suitable for subsequent 
electrochemical copper deposition. This subsequent copper deposition may take 
place in an alkaline bath within the apparatus employed to enhance the seed layer. 
This may be followed by a low-temperature annealing process that assists in 
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lowering the resistivity of the deposited copper. Such a low-temperature annealing 
process suitably takes place at a temperature below about the 250 degrees Celsius 
and, more suitably, below about 100 degrees Celsius. When a low-K dielectric 
material is employed to isolate the copper structures, the upper annealing temperature 
limit should be chosen to be below the degradation temperature of the dielectric 
material. 

Although the foregoing alkaline bath compositions may be used for the entire 
electrochemical deposition process, subsequent copper deposition suitably takes 
place in an acid environment where plating rates are substantially higher than 
corresponding rates associated with alkaline plating baths. To this end, the 
semiconductor workpiece is suitably transferred to an apparatus wherein the 
workpiece is thoroughly rinsed with deionized water and then transferred to an 
apparatus similar to that of FIGURE 3 wherein the plating bath is acidic. For 
example, one suitable copper bath comprises 170 g/1 H2SO4, 17 g/1 copper and 70 
ppm Chloride ions with organic additives. The organic additives are not absolutely 
necessary to the plating reaction. Rather, the organic additives may be used to 
produce desired film characteristics and provide better filling of the recessed 
structures on the wafer surface. The organic additives may include levelers, 
brighteners, wetting agents and ductility enhancers. It is during this deposition 
process that the trench 5 is substantially filled with a further layer of 
electrochemically deposited copper 22. The resulting filled cross-section is 
illustrated in FIGURE 2D. After being filled in this manner, the barrier layer and the 
copper layers disposed above the trench are removed using any suitable process 
thereby leaving only the trench 5 with the copper metallization and associated barrier 
material as shown in FIGURE 2E. 

While electrolytic seed layer enhancement is an embodiment of the present 
invention, the ultra-thin seec^ layer can alternately be enhanced in accordance with 
the present invention using an electroless plating bath solution containing metal ions 
to be deposited. Electroless plating baths are well know. The workpiece with ultra- 
thin seed -layer is immersed in the electroless bath, or electroless bath solution is 
otherwise applies to the workpiece, for a predetermined time period sufficient to 
deposit additional metal ions to enhance the seed layer, rendering it suitable for metal 
deposition at a higher rate. 

Use of an alkaline electrolytic bath to enhance the copper seed layer has 
particular advantages over utilizing acid copper baths without seed layer 
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enhancement. After deposition of the PVD copper seed layer, the copper seed layer 
is typically exposed to an oxygen-containing environment. Oxygen readily converts 
metallic copper to copper oxide. If an acid copper bath is used to plate copper onto 
the seed layer after exposure of the seed layer to an oxygen containing environment, 
the acid copper bath would dissolve copper oxide that had formed, resulting in voids 
in the seed layer and poor uniformity of the copper layer deposited on the seed layer. 
Use of an alkaline copper bath in accordance with the disclosed embodiment avoids 
the problem by advantageously reducing any copper oxide at the surface of the seed 
layer to metallic copper. Another advantage of the alkaline copper bath is that the 
plated copper has much better adhesion to the barrier layer than that plated from an 
acid copper bath. Additional advantages of the seed layer enhancement aspects of 
the present invention can be seen from the following Example. 
EXAMPLE 1 

Comparison of Acid Copper Plating 

With and Without Seed Layer Enhancement 

Semiconductor wafers 1, 2 and 3 were each coated with a 200 Angstrom PVD 

copper seed layer. In accordance with the present invention, wafers 1 and 2 had seed 

layer enhancement from citric acid and EDTA baths, respectively, the compositions 

of which are set forth below: 

Bath for Wafer 3 : 0.1 M Cu S0 4 + 0.2 M Citric acid + 0.05 M H 3 B0 3 in 

D.I. water at pH 9.5, temperature 25°C. 

Bath for Wafer 2 : 0.1 M Cu S0 4 + 0.2 M EDTA acid + 0.05 H 3 B0 3 in 

D.L water at pH 12.5, temperature 25°C. 

Wafer 3 did not have any seed layer enhancement. 

The three wafers were then plated with a 1 .5 micron copper layer from an 
acid copper bath under identical conditions. The following Table compares the 
uniformities, as deduced from sheet resistance measurements, of the three wafers 
after the deposition of a copper layer having a nominal thickness of 1,5 microns. 



TABLE 1 



Wafer 



Enhancement 
Bath 



Current 



Non-uniformity 
Standard deviation 



Density 



f%. laV 



1 



Citrate 



3 min. 



7.321 
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Non-uniformity 
Standard deviation 
(% \a) 

6.233 
46.10 

As can be seen from the results in Table 1 above, seed layer enhancement in 
accordance with the disclosed process provides excellent uniformity (6 to 7%) 
compared to that without seed layer enhancement (46%). This is consistent with 
observations during visual examination of the wafer after 1.5 micron electroplated 
copper had been deposited. Such visual examination of the wafer revealed the 
presence of defects at wafer electrode contact points on the wafer without seed layer 
enhancement. 

FIGURES 5, 6A and 6B are photographs taken using a SEM. In FIGURE 5, 
an ultra-thin seed layer has been deposited on the surface of a semiconductor wafer, 
including micro-structures, such as trenches 85. As shown, void regions are present 
at the lower corners of the trenches. In FIGURE 6A, the seed layer has been 
enhanced in the manner described above in a bath containing citric acid as the 
complexing agent. This enhancement resulted in a conformal copper seed layer that 
is very suited for subsequent electrochemical deposition of copper metallization. 

FIGURE 6B illustrates a seed layer that has been enhanced in a bath 
containing EDTA as the complexing agent. The resulting seed layer includes larger 
grain sizes that project as spikes from the sidewalls of the trenches. These sidewall 
grain projections make subsequent electrochemical deposition filling of the trenches 
more difficult since they localize a higher plating rate resulting in non-uniformity of 
the subsequent electrochemical deposition. This effect is particularly noticeable in 
recessed micro-structures having small dimensions. As such, a complexing agent 
such as citric acid is more preferable when filling small micro-structures. Results 
comparable for copper baths containing citric acid have also been achieved using ED 
as the complexing agent. 
B. Electrodeposition System 



Wafer Enhancement Current 
Bath Density 

at 2mA/cm 2 

2 EDTA 3 min. 

at 2mA/cm 2 

3 None 0 
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FIGURE 7 is a schematic representation of 'a portion of a semiconductor 
manufacturing line 90 suitable for implementing the foregoing processes. The 
line 90 includes a vapor deposition tool or tool set 95 and an electrochemical copper 
deposition tool or tool set 100. Transfer of wafers between the tools/tool sets 95 
and 100 may be implemented manually or through an automated transfer 
mechanism 105. Suitably, automated transfer mechanism 105 transfers workpieces 
in a pod or similar environment. Alternatively, the transfer mechanism 105 may 
transfer wafers individually or in an open carrier through a clean atmosphere joining 
the tools/tool sets. 

In operation, vapor deposition tool/tool set 95 is utilized to apply an ultra-thin 
copper seed layer over at least portions of semiconductor workpieces that are 
processed on line 90. Suitably, this is done using a PVD application process. 
Workpieces with the ultra-thin seed layer are then transfenred to tool/tool set 100, 
either individually or in batches, where they are subject to electrochemical seed layer 
enhancement at, for example, processing station 110. For electrolytic seed layer 
enhancement, processing station 110 may be constructed in the manner set forth in 
FIGURE 3. For electroless enhancement, a similar processing station 110 will be 
utilized, but electrical contact is not made with the workpiece and voltage is not 
applied. After enhancement is completed, the workpieces are subject to a full 
electrochemical deposition process in which copper metallization is applied to the 
workpiece to a desired interconnect metallization thickness. This latter process may 
take place at station 110, but suitably occurs at further processing station 115 which 
deposits the copper metallization in the presence of an acidic plating bath. Before 
transfer to station 115, the workpiece is suitably rinsed in DI water at station 112. 
Transfer of the wafers between stations 110, 112, and 115 may be . automated by a 
wafer conveying system 120. The electrochemical deposition tool set 100 may be 
implemented using, for example, an LT-2 10™ model or an Equinox™ model plating 
tool available from Semitool, Inc., of Kalispell, MT. ■ 
C. Suitable Reactor For Seed Layer Enhancement 

With reference to FIGURE 8, a first reactor assembly 120 for electroplating a 
microelectronic workpiece 125, such as a semiconductor wafer, is shown. Generally 
stated, the reactor assembly 120 is comprised of a reactor head 130 and a 
corresponding reactor base, shown generally at 137 and described in substantial 
detail below, in which the electroplating solution is disposed. The reactor of Figure 8 
can also be used to implement electrochemical processing operations other than 
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electroplating (e.g., electropolishing, anodization, etc.), and also electroless 
deposition processes. 

The reactor head 130 of the electroplating reactor assembly may comprised of 
a stationary assembly 170 and a rotor assembly 175. Rotor assembly 175 is 
configured to receive and carry an associated microelectronic workpiece 125, 
position the microelectronic workpiece in a process-side down orientation within a 
container of reactor base 137, and to rotate or spin the workpiece while joining its 
electrically-conductive surface in the plating circuit of the reactor assembly 120. The 
rotor assembly 175 includes one or more cathode contacts (when used for electrolytic 
processing) that provide electroplating power to the surface of the microelectronic 
workpiece. In the illustrated embodiment, a cathode contact assembly is shown 
generally at 185 and is described in further detail below. It will be recognized, 
however, that backside contact may be implemented in lieu of front side contact 
when the substrate is conductive or when an alternative electrically conductive path 
is provided between the back side of the microelectronic workpiece and the front side 
thereof. 

The reactor head 130 is typically mounted on a lift/rotate apparatus which is 
configured to rotate the reactor head 130 from an upwardly-facing disposition in 
which it receives the microelectronic workpiece to be plated, to a downwardly facing 
disposition in which the surface of the microelectronic workpiece to be plated is 
positioned so that it may be brought into contact with the electroplating solution in 
reactor base 137, either planar or at a given angle. A robotic arm, which suitably 
includes an end effector, is typically employed for placing the microelectronic 
workpiece 125 in position on the rotor assembly 175, and for removing the plated 
microelectronic workpiece from within .the rotor assembly. The contact 
assembly 185 may be operated between an open state that allows the microelectronic 
workpiece to be placed on the rotor assembly 175, and a closed state that secures the 
microelectronic workpiece to the rotor assembly and brings the electrically 
conductive components of the contact assembly 185 into electrical engagement with 
the surface of the microelectronic workpiece that is to be plated. 

It will be recognized that other reactor assembly configurations may be used 
with the inventive aspects of the disclosed reactor chamber, the foregoing being 
merely illustrative. 

FIGURE 9 illustrates the basic construction of processing base 137 and a 
corresponding computer simulation of the flow velocity contour pattern resulting 



WO 02/45476 



25 



PCT/US01/46910 



from the processing container construction. As illustrated, the processing base 137 
generally comprises a main fluid flow chamber 505, an antechamber 510, a fluid 
inlet 5 15, a plenum 520, a flow diffuser525 separating the plenum 520 from the 
antechamber 510, and a nozzle/slot assembly 530 separating the plenum 520 from the 
main chamber 505. These components cooperate to provide a flow of 
electrochemical processing fluid (here, of the electroplating solution) at the 
microelectronic workpiece 125 that has a substantially radially independent normal 
component. In the illustrated embodiment, the impinging flow is centered about 
central axis 537 and possesses a nearly uniform component normal to the surface of 
the microelectronic workpiece 125. This results in a substantially uniform mass flux 
to the microelectronic workpiece surface that, in turn, enables substantially uniform 
processing thereof, for example, when used to introduce an alkaline bath solution for 
seed layer enhancement. 

Notably, as will be clear from the description below, this desirable flow 
characteristic is achieved without the use of a djffuser disposed between the anode(s) 
and surface of the microelectronic workpiece that is .to be electrochemically 
processed (e.g., electroplated). As such, the anodes used in the electroplating reactor 
can be placed in close proximity to the surface of the microelectronic workpiece to 
thereby provide substantial control over local electrical field/current density 
parameters used in the electroplating process. This substantial degree of control over 
the electrical parameters allows the reactor to be readily adapted to meet a wide'range 
of electroplating requirements (e.g., seed layer thickness, seed layer type, 
electroplated material, electrolyte bath properties, etc.) without a corresponding 
change in the reactor hardware. Rather, adaptations can be implemented by altering 
the electrical parameters used in the electroplating process through, for example, 
software control of the power provided to the anodes, as shall be described further 
herein below. 

The reactor design thus effectively de-couples the fluid flow from 
adjustments to the electric field. An advantage of this approach is that a chamber 
with nearly ideal flow for electroplating and other electrochemical processes (i.e., a 
design which provides a substantially uniform diffusion layer across the 
microelectronic workpiece) may be designed that will not be degraded when 
electroplating or other electrochemical process applications require significant 
changes to the electric field. 
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The foregoing advantages can be more greatly appreciated through a 
comparison with the conventional prior art reactors. In such conventional designs, 
the diffuser must be moved closer to the surface of the workpiece if the distance 
between the anode and the workpiece surface is to be reduced. However, moving the 
diffuser closer to the workpiece significantly alters the flow characteristics of the 
electroplating fluid at the surface of the workpiece. More particularly, the close 
proximity between the diffuser and the surface of the workpiece introduces a 
corresponding increase in the magnitude of the normal components of the flow 
velocity at local areas 9. As such, the anode cannot be moved so that it is in close 
proximity to the surface of the microelectronic workpiece that is to be electroplated 
without introducing substantial diffusion layer control problems and undesirable 
localized increases in the electrical field corresponding to the pattern of apertures in 
the diffuser. Since the anode cannot be moved in close proximity to the surface of 
the microelectronic workpiece, the advantages associated with increased control of 
the electrical characteristics of the electrochemical process cannot be realized. Still 
further, movement of the diffiiser to a position in close proximity with the 
microelectronic workpiece effectively generates a plurality of virtual anodes defined 
by the hole pattern of the diffuser. Given the close proximity of these virtual anodes 
to the microelectronic workpiece surface, the virtual anodes have a highly localized 
effect. This highly localized effect cannot generally be controlled with any degree of 
accuracy given that any such control is solely effected by varying the power to the 
single, real anode. A substantially uniform electroplated film is thus difficult to 
achieve with such a plurality of loosely controlled virtual anodes. 

With reference again to Figure 9, electroplating solution is provided through 
inlet 515 disposed at the bottom of the base 137. The fluid from the inlet 515 is 
directed therefrom at a relatively high velocity through antechamber 510. In the 
illustrated embodiment, antechamber 510 includes an acceleration channel 540 
through which the electroplating solution flows radially from the fluid inlet 515 
toward fluid flow region 545 of antechamber 5 1 0. Fluid flow region 545 has a 
generally inverted U-shaped cross-section that is substantially wider at its outlet 
region proximate flow diffuser 525 than at its inlet region proximate channel 540. 
This variation in the cross-section assists in removing any gas bubbles from the 
electroplating solution before the electroplating solution is allowed to enter the main 
chamber 505. Gas bubbles that would otherwise enter the main chamber 505 are 
allowed to exit the processing base 137 through a gas outlet (not illustrated in 
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FIGURE 9, but illustrated in the embodiment shown in FIGURES 10-12) disposed at 
an upper portion of the antechamber 510. 

Electroplating solution within antechamber 510 is ultimately supplied to main 
chamber 505. To this end, the electroplating solution is first directed to flow from a 
relatively high-pressure region 550 of the antechamber 5 1 0 to the comparatively 
lower-pressure plenum 520 through flow difluser525. Nozzle assembly 530 
includes a plurality of nozzles or slots 535 that are disposed at a slight angle with 
respect to horizontal. Electroplating solution exits plenum 520 through nozzles 535 
with fluid velocity components in the vertical and radial directions. 

Main chamber 505 is defined at its upper region by a contoured sidewall 560 
and a slanted sidewall 565. The contoured sidewall 560 assists in preventing fluid 
flow separation as the electroplating solution exits nozzles 535 (particularly the 
uppermost nozzle(s)) and turns upward toward the surface of microelectronic 
workpiece 125. Beyond breakpoint 570, fluid flow separation will not substantially 
affect the uniformity of the normal flow. As such, sidewall 565 can generally have 
any shape, including a continuation of the shape of contoured sidewall 560. In the 
specific embodiment disclosed here, sidewall 565 is slanted and, as will be explained 
in further detail below, is used to support one or more anodes. 

Electroplating solution exits from main chamber 505 through a generally 
annular outlet 572. Fluid exiting outlet 572 may be provided to a further exterior 
chamber for disposal or may be replenished for re-circulation through the 
electroplating solution supply system. 

The processing base 137 is also provided with one or more anodes. In the 
illustrated embodiment, a principal anode 580 is disposed in the lower portion of the 
main chamber 505. If the peripheral edges of the surface of the microelectronic 
workpiece 125 extend radially beyond the extent of contoured sidewall 560, then the 
peripheral edges are electrically shielded from principal anode 580 and reduced 
plating will take place in those regions. As such, a plurality of annular anodes 585 
are disposed in a generally concentric manner on slanted sidewall 565 to provide a 
flow of electroplating current to the peripheral regions. 

Anodes 580 and 585 of the illustrated embodiment are disposed at different 
distances from the surface of the microelectronic workpiece 125 that is being 
electroplated. More particularly, the anodes 580 and 585 are concentrically disposed 
in different horizontal planes. Such a concentric arrangement combined with the 
vertical differences allow the anodes 580 and 585 to be effectively placed close to the 
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surface of the microelectronic workpiece 125 without generating a corresponding 
adverse impact on the flow pattern as tailored by nozzles 535. The plurality of 
anodes illustrated are arranged at increasing distances from the workpiece from an 
innermost one of the concentric anodes to an outermost one of the concentric anodes. 
However, for differing deposition patterns,' an alternate arrangement providing for the 
distance from anode to workpiece increasing from outermost to innermost is also 
within the scope of the present invention. 

The effect and degree of control that an anode has on the electroplating of 
microelectronic workpiece 125 is dependent on the effective distance between that 
anode and the. surface of the microelectronic workpiece that is being electroplated. 
More particularly, all other things being equal, an anode that is effectively spaced a 
given distance from the surface of microelectronic workpiece 125 will have an 
impact on a larger area of the microelectronic workpiece surface than an anode that is 
effectively spaced from the surface of microelectronic workpiece 125 by a lesser 
amount. Anodes that are effectively spaced at a comparatively large distance from 
the surface of microelectronic workpiece 125 thus have less localized control over 
the electroplating process than do those that are spaced at a smaller distance. It is 
therefore desirable to effectively locate the anodes in close proximity to the surface 
of microelectronic workpiece 125 since this allows more versatile, localized control 
of the electroplating process. Advantage can be taken of this increased control to 
achieve greater uniformity of the resulting electroplated film. Such control is 
exercised, for example, by placing the electroplating power provided to the 
individual anodes under the control of a programmable controller or the like, as shall 
be described subsequently herein below. Adjustments to the electroplating power 
can thus be made subject to software control based .on manual or automated inputs. 

In the illustrated embodiment, anode 580 is effectively "seen" by 
microelectronic workpiece 125 as being positioned an approximate distance Al from 
the surface of microelectronic workpiece 125. This is due- to the fact that the 
relationship between the anode 580 and sidewall 560 creates a virtual anode having 
an effective area defined by the innermost dimensions of sidewall 560. In contrast, 
anodes 585 are approximately at effective distances A2, A3, and A4 proceeding from 
the innermost anode to the outermost anode, with the outermost anode being closest 
to the microelectronic workpiece 125. All of the anodes 585 are in close proximity 
(i.e., about 25.4 mm or less, with the outermost anode being spaced from the 
microelectronic workpiece by about 10 mm) to the surface of the microelectronic 
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workpiece 125 that is being electroplated. Since anodes 585 are in close proximity to 
the surface of the microelectronic workpiece 125, they can be used to provide 
effective, localized control over the radial film growth at peripheral portions of the 
microelectronic workpiece. Such localized control is particularly desirable at the 
peripheral portions of the microelectronic workpiece since it is those portions that are 
more likely to have. a high. uniformity gradient (most often due to the fact that 
electrical contact is made with the seed layer of the microelectronic workpiece at the 
outermost peripheral, regions resulting in higher plating rates at the periphery of the 
microelectronic workpiece compared to the central portions thereof). 

The electroplating power provided to the foregoing anode arrangement can be 
readily controlled to accommodate a wide range of plating requirements without the 
need for a corresponding hardware modification. Some reasons for adjusting the 
electroplating power include changes to the following: 

• seed layer thickness; 

• open area of plating surface (pattern wafers, edge 
exclusion); 

• final plated thickness; 

• plated film type .(copper, platinum, seed layer 
enhancement); 

• bath conductivity, metal concentration; and 

• plating rate. 

The foregoing anode arrangement is particularly well-suited for plating 
microelectronic workpieces having highly resistive seed layers, for enhancing such 
highly resistive seed layers, and also for plating highly resistive materials on 
microelectronic workpieces. Generally stated, the more resistive the seed layer or 
materia] that is to be deposited, the more the magnitude of the current or potential at 
the central anode 580 (or central anodes) should be increased to yield a uniform film. 
This effect can be understood in connection with an example and the set of 
corresponding graphs set forth in Figures 17 and 18. 

Figure 17 is a graph of four different computer simulations reflecting the 
change in growth of an electroplated film versus the radial position across the surface 
of a microelectronic workpiece. The graph illustrates the changing growth that 
occurs when the current to a given one of the four anodes 580, 585 is changed 
without a corresponding change in the current to the remaining anodes. In this 
illustration, Anode 1 corresponds to anode 580 and the remaining Anodes 2 
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through 4 correspond to anodes 585 proceeding from the interior most anode to the 
outermost anode. The peak plating for each anode occurs at a different radial 
position. Further, as can be seen from this graph, anode 580, being effectively at the 
largest distance from the surface of the workpiece, has an effect over a substantial 
radial portion of the workpiece and thus has a broad affect over the surface area of 
the workpiece. In contrast, the remaining anodes have substantially more localized 
effects at the radial positions corresponding to the peaks of the graph of Figure 17. 

The differential radial effectiveness of the anodes 580, 585 can be utilized to 
provide an effectively uniform electroplated film across the surface of the 
microelectronic workpiece. To this end, each of the anodes 580, 585 may be 
provided with a fixed current that may differ from the current provided to the 
remaining anodes. These plating current differences can be provided to compensate 
for the increased plating that generally occurs at the radial position of the workpiece 
surface proximate the contacts of the cathode contact assembly 185 (Figure 8). 

Likewise, the current to the individual anodes 580, 585 can be adjusted to 
provide a radially uniform deposition of metal during seed layer enhancement in 
accordance with the present invention, including during seed layer enhancement in an 
electrolytic alkaline bath. 

The computer simulated effect of a predetermined set of plating current 
differences on the normalized thickness of the electroplated film as a function of the 
radial position on the microelectronic workpiece over time is shown in Figure 18. In 
this simulation, the seed layer was assumed to be uniform at t o. As illustrated, there 
is a substantial difference in the thickness over the radial position on the 
microelectronic workpiece during the initial portion of the electroplating process. 
This is generally characteristic of workpieces having seed layers that are highly 
resistive, such as those that are formed from a highly resistive material or that are 
very thin. However, as can be seen from Figure 18, the differential plating that 
results from the differential current provided to the anodes 580, 585 forms a 
substantially uniform plated film by the end of the electroplating process. It will be 
recognized that the particular currents that are to be provided to anodes 580, 585 
depends upon numerous factors including, but not necessarily limited to, the desired 
thickness and material of the electroplated film, the thickness and material of the 
initial seed layer, the distances between anodes 580, 585 and the surface of the 
microelectronic workpiece, electrolyte bath properties, etc. 
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Anodes 580, 585 may be consumable, but are suitably inert and formed from 
platinized titanium or some other inert conductive material. However, as noted 
above, inert anodes tend to evolve gases that can impair the uniformity of the plated 
film. To reduce this problem, as well as to reduce the likelihood of the entry of 
bubbles into the main processing chamber 505, processing base 37 includes several 
unique features. With respect to anode 580, a small fluid flow path forms a Venturi 
outlet 590 between the underside of anode 580 and the relatively lower pressure 
channel 540 (see Figure 9). This results in a Venturi effect that causes the 
electroplating solution proximate the surfaces of anode 580 to be drawn away and, 
further, provides a suction flow (or recirculation flow) that affects the uniformity of 
the impinging flow at the central portion of the surface of the microelectronic 
workpiece. 

The Venturi flow path 590 may be shielded to prevent any large bubbles 
originating from outside the chamber from rising through region 590. Instead, such 
bubbles enter the bubble-trapping region of the antechamber 510. 

Similarly, electroplating solution sweeps across the surfaces of anodes 585 in 
a radial direction toward fluid outlet 572 to remove gas bubbles forming at their 
surfaces. Further, the radial components of the fluid flow at the surface of the 
microelectronic workpiece assist in sweeping gas bubbles therefrom. 

There are numerous further processing advantages with respect to the 
illustrated flow through the reactor chamber. As illustrated, the flow through the 
nozzles 535 is directed away from the microelectronic workpiece surface and, as 
such, there are no jets of fluid" created to disturb the uniformity of the diffusion layer. 
Although the diffusion layer may not be perfectly uniform, it will be substantially 
uniform, and any non-uniformity will be relatively gradual as a result. Further, the 
effect of any minor non-uniformity may be substantially reduced by rotating the 
microelectronic workpiece during processing. A further advantage relates to the flow 
at the bottom of the main chamber 505 that is produced by the Venturi outlet, which 
influences the flow at the centerline thereof. The centerline flow velocity is 
otherwise difficult to implement and control. However, the strength of the Venturi 
flow provides a non-intrusive design variable that may be used to affect this aspect of 
the flow. 

As is also evident from the foregoing reactor design, the flow that is normal 
to the microelectronic workpiece has a slightly greater magnitude near the center of 
the microelectronic workpiece and creates a dome-shaped meniscus whenever the 
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microelectronic workpiece is not present (i.e., before the microelectronic workpiece 
is lowered into the fluid). The dome-shaped meniscus assists in minimizing bubble 
entrapment as the microelectronic workpiece or other workpiece is lowered into the 
processing solution (here, the electroplating solution). 

A still fiirther advantage of the foregoing reactor design is that it assists in 
preventing bubbles that find their way to the chamber inlet from reaching the 
microelectronic workpiece. To this end, the flow pattern is such that the solution 
travels downward just before entering the main chamber. As such, bubbles remain in 
the antechamber and escape through holes at the top thereof, further, the upward 
sloping inlet path (see FIGURE 12 and appertaining description) to the antechamber 
prevents bubbles from entering the main chamber through the Venturi flow path. 

FIGURES 10-12 illustrate a specific construction of a complete processing 
chamber assembly 610 that has been specifically adapted for electrochemical 
processing of a semiconductor microelectronic workpiece. More particularly, the 
illustrated embodiment is specifically adapted for depositing a uniform layer of 
material on the surface of the workpiece using electroplating. 

As illustrated, the processing base 137 shown in FIGURE 8 is comprised of 
processing chamber assembly 610 along with a corresponding exterior cup 605. 
Processing chamber assembly 610 is disposed within exterior cup 605 to allow 
exterior cup 605 to receive spent processing fluid that overflows from the processing 
chamber assembly 610. A flange 615 extends about the assembly 610 for 
securement with, for example, the frame of the corresponding tool. 

With particular reference to FIGURES 11 and 12, the flange of the exterior 
cup 605 is formed to engage or otherwise accept rotor assembly 75 of reactor head 30 
(shown in Figure 8) and allow contact between the microelectronic workpiece 25 and 
the processing solution, such as electroplating solution, in the main fluid flow 
chamber 505. The exterior cup 605 also includes a main cylindrical housing 625 into 
which a drain cup member 627 is disposed. The drain cup member 627 includes an 
outer surface having channels 629 that, together with the interior wall of main 
cylindrical housing 625, form one or more helical flow chambers 640 that serve as an 
outlet for the processing solution. Processing fluid overflowing a weir member 739 
at the top of processing cup 35 drains through the helical flow chambers 640 and 
exits an outlet (not illustrated) where it is either disposed of or replenished and re- 
circulated. This configuration is particularly suitable for systems that include fluid 
re-circulation since it assists in reducing the mixing of gases with the processing 
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solution thereby further reducing the likelihood that gas bubbles will interfere with 
the uniformity of the diffusion layer at the workpiece surface. 

In the illustrated embodiment, antechamber 5 10 is defined by the walls of a 
plurality of separate components. More particularly, antechamber 510 is defined by 
the interior walls of drain cup member 627, an anode support member 697, the 
interior and exterior walls of a mid-chamber member 690, and the exterior walls of 
flow diffuser 525. 

FIGURES 1 OB and 11 illustrate the manner in which the foregoing 
components are brought together to form the reactor. To this end, the mid-chamber 
member 690 is disposed interior of the drain cup member 627 and includes a 
plurality of leg supports 692 that sit upon a bottom wall thereof. The anode support 
member 697 includes an outer wall that engages a flange that is disposed about the 
interior of drain cup member 627. The anode support member 697 also includes a 
channel 705 that sits upon and engages an upper portion of flow diffuser 525, and a 
further channel 710 that sits upon and engages an upper rim of nozzle assembly 530. 
Mid-chamber member 690 also includes a centrally disposed receptacle 715 that is 
dimensioned to accept the lower portion of nozzle assembly 530. Likewise, an 
annular channel 725 is disposed radially exterior of the annular receptacle 715 to 
engage a lower portion of flow diffuser 525. 

In the illustrated embodiment, the flow diffuser 525 is formed as a single 
piece and includes a plurality of vertically oriented slots 670. Similarly, the nozzle 
assembly 530 is formed as a single piece and includes a plurality of horizontally 
oriented slots that constitute the nozzles 535. 

The anode support member 697 includes a plurality of annular grooves that 
are dimensioned to accept corresponding annular anode assemblies 785. Each anode 
assembly 785 includes an anode 585 (suitably formed from platinized titanium or 
another inert metal) and a conduit 730 extending from a central portion of the 
anode 585 through which a metal conductor may be disposed to electrically connect 
the anode 585 of each assembly 785 to an external source of electrical power. 
Conduit 730 is shown to extend entirely through the processing chamber 
assembly 610 and is secured at the bottom thereof by a respective fitting 733. In this 
manner, anode assemblies 785 effectively urge the anode support member 697 
downward to clamp the flow diffuser 525, nozzle assembly 530, mid-chamber 
member 690, and drain cup member 627 against the bottom portion 737 of the 
exterior cup 605. This allows for easy assembly and disassembly of the processing 
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chamber 610. However, it will be recognized that other means may be used to secure 
the chamber elements together as well as to conduct the necessary electrical power to 
the anodes. 

The illustrated embodiment also includes a weir member 739 that detachably 
snaps or otherwise easily secures to the upper exterior portion of anode support 
member 697. As shown, weir member 739 includes a rim 742 that forms a weir over 
which the processing solution flows into the helical flow chamber 640. Weir 
member 739 also includes a transversely extending flange 744 that extends radially 
inward and forms an electric field shield over all or portions of one or more of the 
anodes 585. Since the weir member 739 may be easily removed and replaced, the 
processing chamber assembly 610 may be readily reconfigured and adapted to 
provide different' electric field, shapes. Such differing electrical field shapes are 
particularly useful in those instances in which the reactor must be configured to 
process more than one size or shape of a workpiece. Additionally," this allows the 
reactor to be configured to accommodate workpieces that are of the same size, but 
have different plating area requirements. 

The anode support member 697, with the anodes 585 in place, forms the 
contoured sidewall 560 and slanted sidewall 565 that is illustrated in FIGURE 9. As 
noted above, the lower region of anode support member 697 is contoured to define 
the upper interior wall of antechamber 510 and suitably includes one or more gas 
outlets 665 that are disposed therethrough to allow gas bubbles to exit from the 
antechamber 5 1 0 to the exterior environment. 

With particular reference to FIGURE 12, fluid inlet 515 is defined by an inlet 
fluid guide, shown generally at 810, that is secured to the floor of mid-chamber 
member 690 by one or more fasteners 815. Inlet fluid guide 810 includes a plurality 
of open channels 817 that guide fluid received at fluid inlet 515 to an area beneath 
mid-chamber member 690. . Channels 817 of the illustrated embodiment are defined 
by upwardly angled walls 819. Processing fluid exiting channels 817 flows 
therefrom to one or more further channels 821 that are likewise defined by walls that 
angle upward. 

Central anode 580 includes an electrical connection rod 581 that proceeds to 
the exterior of the processing chamber assembly 610 through central apertures 
formed in nozzle assembly 530, mid-chamber member 690 and inlet fluid guide 810. 
The small Venturi flow path regions shown at 590 in FIGURE 9 are formed in 
FIGURE 12 by vertical channels 823 that proceed through drain cup member 690 
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and the bottom wall of nozzle member 530. As illustrated, the fluid inlet guide 810 
and, specifically, the upwardly angled walls 819 extend radially beyond the shielded 
vertical channels 823 so that any bubbles entering the inlet proceed through the 
upward channels 82 1 rather than through the vertical channels 823 . 

FIGURES 13-16 illustrate a further embodiment of an improved reactor 
chamber. The embodiment illustrated in these figures retains the advantageous 
electric field and flow characteristics of the foregoing reactor construction while 
concurrently being useful for situations in which anode/electrode isolation is 
desirable. Such situations include, but are not limited to, the following: 

• instances in which the electrochemical electroplating solution must pass 
over an electrode, such as an anode, at a high flow rate to be optimally 
effective; 

• instances in which one or more gases evolving from the electrochemical 
reactions at the anode surface must be removed in order to insure 
uniform electrochemical processing; and 

• instances in which consumable electrodes are used. 

With reference to Figures 13 and 14, the reactor includes an electrochemical 
electroplating solution flow path into the innermost portion of the processing 
chamber that is very similar to the flow path of the embodiment illustrated in 
Figure 9 and as implemented in the embodiment of the reactor chamber shown in 
Figures 10A through 12. As such, components that have similar functions are not 
further identified here for the sake of simplicity. Rather, only those portions of the 
reactor that significantly differ from the foregoing embodiment are identified and 
described below. 

A significant distinction between the embodiments exists, however, in 
connection with the anode electrodes and the appertaining structures and fluid flow 
paths. More particularly, the reactor based 137 includes a plurality of ring-shaped 
anodes 1015, 1020, 1025 and 1030 that are concentrically disposed with respect to 
one another in respective anode chamber housings 1017, 1022, 1027 and 1032. As 
shown, each anode 1015, 1020, 1025 and 1030 has a vertically oriented surface area 
that is greater than the surface area of the corresponding anodes shown in the 
foregoing embodiments. Four such anodes are employed in the disclosed 
embodiment, but a larger or smaller number of anodes may be used depending upon 
the electrochemical processing parameters and results that are desired. Each 
anode 1015, 1020,1025 and 1030 is supported in the respective anode chamber 
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housing 1017, 1022, 1027 and 1032 by at least one corresponding support/conductive 
member 1050 that extends through the bottom of the processing base 137 and 
terminates at an electrical connector 1 055 for connection to an electrical power 
source. 

In accordance with the disclosed embodiment, fluid flow to and through the 
three outer most chamber housings 1022, 1027 and 1032 is provided from an 
inlet 1060 that is separate from inlet 515, which supplies the fluid flow through an 
innermost chamber housing 1017. As shown, fluid inlet 1060 provides electroplating 
solution to a manifold 1065 having a plurality of slots 1070 disposed in its exterior 
wall. Slots 1070 are in fluid communication with a plenum 1075 that includes a 
plurality of openings 1080 through which the electroplating solution respectively 
enters the three anode chamber housings 1022, 1027 and 1032. Fluid entering the 
anode chamber housings 1017, 1022, 1027 and 1032 flows over at least one vertical 
surface and, suitably, both vertical surfaces of the respective anode 1015, 1020, 1025 
and 1030. 

Each anode chamber housing 1017, 1022, 1027 and 1032 includes an upper 
outlet region that opens to a respective cup 1085. Cups 1085, as illustrated, are 
disposed in the reactor chamber so that they are concentric with one another. Each 
cup includes an upper rim 1090 that terminates at a predetermined height with 
respect to the other rims, with the rim of each cup terminating at a height that is 
vertically below the immediately adjacent outer concentric cup. Each of the three 
innermost cups fiirther includes a substantially vertical exterior wall 1095 and a 
slanted interior wall 1200. This wall construction creates a flow region 1205 in the 
interstitial region between concentrically disposedfcups (excepting the innermost cup 
that has a contoured interior wall that defines the fluid flow region 1205 and then the 
puter most flow region 1205 associated with the outer most anode) that increases in 
area as the fluid flows upward toward the surface of the microelectronic workpiece 
under process. The increase in area effectively reduces the fluid flow velocity along 
the vertical fluid flow path, with the velocity being greater at a lower portion of the 
flow region 1205 when compared to the velocity of the fluid flow at the. upper 
portion of the particular flow region. 

The interstitial region between the rims of concentrically adjacent cups 
effectively defines the size and shape of each of a plurality of virtual anodes, each 
virtual anode being respectively associated with a corresponding anode disposed in 
its respective anode chamber housing . The size and shape of each virtual anode that 
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is seen by the microelectronic workpiece under process is generally independent of 
the size and shape of the corresponding actual anode. As such, consumable anodes 
that vary in size and shape over time as they are used can be employed for 
anodes 1015, 1020, 1025 and 1030 without a corresponding change in the overall 
anode configuration is seen by the microelectronic ■ workpiece under process. 
Further, given the deceleration experienced by the fluid flow as it proceeds vertically 
through flow regions 1205, a high fluid flow velocity may be introduced across the 
vertical surfaces of the anodes 1015, 1020, 1025 and 1030 in the anode chamber 
housings 1022, 1027 and 1032 while concurrently producing a very uniform fluid 
flow pattern radially across the surface of the microelectronic workpiece under 
process. Such a high fluid flow velocity across the vertical surfaces of the 
anodes 1015, 1020, 1025 and 1030, as noted above, is desirable when using certain 
electrochemical electroplating solutions, such as electroplating fluids available from 
Atotech. Further, such high fluid flow velocities may be used to assist in removing 
some of the gas bubbles that form at the surface of the anodes, particularly inert 
anodes. To this end, each of the anode chamber housings 1017, 1022, 1027 and 1032 
may be provided with one or more gas outlets (not illustrated) at the upper portion 
thereof to vent such gases. 

Of further note, unlike the foregoing embodiment,- element 1210 is a 
securement that is formed from a dielectric material. The securement 1210 is used to 
clamp a plurality of the structures forming reactor base 137 together. Although 
securement 1210 may be formed from a conductive material so that it may function 
as an anode, the innermost anode seen by the microelectronic workpiece under 
process is suitably a virtual anode corresponding to the interior most anode 1015. 

Figures 15 and 16 illustrate computer simulations . of fluid flow velocity 
contours of a reactor constructed in accordance with the embodiment shown in 
Figures 17 through 19. In this embodiment, all of the anodes of the reactor base may 
be isolated from a flow of fluid through the anode chamber housings. To this end, 
Figure 15 illustrates the fluid flow velocity contours that occur when a flow of 
electroplating solution is provided through each of the anode chamber housings, 
while Figure 16 illustrates the fluid flow velocity contours that occur when there is 
no flow of electroplating solution provided through the anode chamber housings past 
the anodes. This latter condition can be accomplished in the reactor of by turning off 
the flow from the second fluid flow inlet (described below) and may likewise be 
accomplished in the reactor of Figures 13 and 14 by turning of the fluid flow through 
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inlet 1060. Such a condition may be desirable in those instances in which a flow of 
electroplating solution across the surface of the anodes is found to significantly 
reduce the organic additive concentration of the solution. 

Figure 19 illustrates a variation of the reactor embodiment shown in 
Figure 14. For the sake of simplicity, only the elements pertinent to the following 
discussion are provided with reference numerals. 

This further embodiment employs a different structure for providing fluid 
flow to the anodes 1015, 1020, 1025 and 1030. More particularly, the further 
embodiment employs an inlet member 2010 that serves as an inlet for the supply and 
distribution of the processing fluid to the anode chamber housings 1017, 1022, 1027 
and 1032. 

With reference to Figures 19 and 20, the inlet member 2010 includes a hollow • 
stem 2015 that may be used to provide a flow of electroplating fluid. The hollow 
stem 2015 terminates at a stepped hub 2020. Stepped hub 2020 includes a plurality 
of steps 2025 that each include a groove dimensioned to receive and support a 
corresponding wall of the anode chamber housings. Processing fluid is directed into 
the anode chamber housings through a plurality of channels 2030 that proceed from a 
manifold area into the respective anode chamber housing. 

This latter inlet arrangement assists in further electrically isolating 
anodes 1015, 1020, 1025 and 1030 from one another. Such electrical isolation 
occurs due to the increased resistance of the electrical flow path between the anodes. 
The increased resistance is a direct result of the increased length of the fluid flow 
paths that exist between the anode chamber housings. 

The manner in which the electroplating power is supplied to the 
microelectronic workpiece at the peripheral edge, thereof effects the overall film 
quality of the deposited metal. Some of the more desirable characteristics of a 
contact assembly used to provide such electroplating power include, for example, the 
following: 

• uniform distribution of electroplating power about the periphery of the 
microelectronic workpiece to maximize the uniformity of the deposited 
film; 

• consistent contact characteristics to insure wafer-to-wafer uniformity; 

• minimal intrusion of the contact assembly, on the microelectronic 
workpiece periphery to maximize the available • area for device 
production; and 
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• minimal plating on the barrier layer about the microelectronic workpiece 
periphery to inhibit peeling and/or flaking. 

To meet one or more of the foregoing characteristics, reactor assembly 120 
suitably employs a contact assembly 185 that provides either a continuous electrical 
contact or a high number of discrete electrical contacts with the microelectronic 
workpiece 125. By providing a more continuous contact with the outer peripheral 
edges of the microelectronic workpiece 125, in this case around the outer 
circumference of the semiconductor wafer, a more uniform current is supplied to the 
microelectronic workpiece 125 that promotes more uniform current densities. The 
more uniform current densities enhance uniformity in the depth of the deposited 
material. 

Contact assembly 185, in accordance with an embodiment, includes contact 
members that provide minimal intrusion about the microelectronic workpiece 
periphery while concurrently providing consistent contact with the seed layer. 
Contact with the seed layer is enhanced by using a contact member structure that 
provides, a wiping action against the seed layer as the microelectronic workpiece is 
brought into engagement with the. contact assembly. This wiping action assists in 
removing any oxides at the seed layer surface thereby enhancing the electrical 
contact between the contact structure and the seed layer. As a result, uniformity of 
the current densities about the microelectronic workpiece periphery are increased and 
the resulting film is more uniform. Further, such consistency in the electrical contact 
facilitates greater consistency in the electroplating process from wafer-to-wafer 
thereby increasing wafer-to-wafer uniformity. 

Contact assembly 1 85, as will be set forth in further detail below, also 
suitably includes one or more structures that provide a barrier, individually or in 
cooperation with other structures, that separates the contact/contacts, the peripheral 
edge portions and backside of the microelectronic workpiece 125 from the plating 
solution. This prevents the plating of metal onto the individual contacts and, further, 
assists in preventing any exposed portions of the barrier layer near the edge of the 
microelectronic workpiece 125 from being exposed to the electroplating 
environment. As a result, plating of the barrier layer and the appertaining potential 
for contamination due to flaking of any loosely adhered electroplated material is 
substantially limited. Exemplary contact assemblies suitable for use in the present 
system are illustrated in U.S.S.N. 09/113,723, filed July 10, 1998, which is hereby 
incorporated by reference. 
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One or more of the foregoing reactor assemblies may be readily integrated in 
a processing tool that is capable of executing a plurality of processes on a workpiece, 
such as a semiconductor microelectronic workpiece. One such processing tool is the 
LT-210TM electroplating apparatus available from Semitool, Inc., of Kalispell, 
Montana. FIGURES 21 and 22 illustrate such integration. 

The system of FIGURE 21 includes a plurality of processing stations 1610. 
Suitably, these processing stations include one or more rinsing/drying stations and 
one or more electroplating stations (including one or more electroplating reactors 
such as the one above), although fttrther immersion-chemical processing stations 
constructed in accordance with the of the present invention may also be employed. 
The system also suitably includes a thermal processing station, such as at 1615, that 
includes at least one thermal reactor that is adapted for rapid thermal processing 
(RTP). 

The workpieces are transferred between the processing stations 1610 and the 
RTP station 1615 using one or more robotic transfer mechanisms 1620 that are 
disposed for linear movement along a central track 1625. One or more of the 
stations 1610 may also incorporate structures that are adapted for executing an in-situ 
rinse. Suitably, all of the processing stations as well as the robotic transfer 
mechanisms are disposed in a cabinet that is provided with filtered air at a positive 
pressure to thereby limit airborne contaminants that may reduce the effectiveness of 
the microelectronic workpiece processing. 

FIGURE 22 illustrates a further embodiment of a processing tool in which an 
RTP station 1635, located in portion 1630, that includes at least one thermal- reactor, 
may be integrated in a tool set. Unlike the embodiment of FIGURE 21, in this 
embodiment, at least one thermal reactor is serviced by . a dedicated robotic 
mechanism 1640. The dedicated robotic mechanism 1640 accepts workpieces that 
are transferred to it by the robotic transfer mechanisms 1620. Transfer may take 
place through an intermediate staging door/area 1645. As such, it becomes possible 
to hygienically separate the RTP portion 1630 of the processing tool from other 
portions of the tool. Additionally, using such a construction, the illustrated annealing 
station may be implemented as a separate module that is attached to upgrade an 
existing tool set. It will be recognized that other types of processing stations may be 
located in portion 1630 in addition to or instead of RTP station 1635. 
D. Selective Electrode Control 
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The selective control and adjustment of the anodes for uniform 
electrodeposition, such as during electrochemical deposition of metallization 
structures or seed layer enhancement, will now be further described. FIGURE 23 
shows a schematic representation of the reactor assembly 120 illustrated in 
FIGURE 8. Thus, as previously described, the reactor includes a reactor head 130 
and a reactor base 137. 

As previously described with reference to FIGURE 9, the reactor head 130 
includes- a stationary assembly and a rotor assembly that carries the workpiece 125 
and suitably positions it process-side down. The rotor assembly rotates or spins the 
workpiece 125 while joining its electrically conductive surface. The reactor 
head 130 thus includes one or more cathode contacts, shown generally at 185, that 
electrically contact the lower surface of the workpiece 125. 

The reactor base 137 includes an outer overflow container 1710 and an 
interior processing container 1712. A flow of electroplating fluid is provided to the 
processing container 1712 through the inlet 1714. The electroplating fluid fills the 
interior of processing container 1712 and overflows a weir 1716 formed at the top of 
processing container 1712. The fluid overflowing weir 1716 then enters overflow 
container 1710, and exits the reactor 120 through an outlet 1718. Outlet 1718 may be 
directed to a recirculation system, chemical refurbishment system, or disposal 
system. 

An electrode assembly, shown generally at 1750, is disposed in the 
processing container 1712 in contact with the electrochemical processing fluid (here, 
the electroplating fluid). Electrode assembly 1750 includes a base member 1752 in 
which a plurality of fluid flow apertures 1754 are disposed. The fluid, flow 
apertures 1754 assist in disbursing the electroplating fluid flow entering, inlet 1714 so 
that the flow of electroplating fluid at the surface of microelectronic workpjece 125 is 
less localized and radially more uniform. Electrode assembly 1750 also includes an 
electrode array, shown generally at 1756, that comprises a plurality of individual 
electrodes 1758 that are supported by base member 1752. Electrode array 1756 may 
take on any number of physical configurations. The particular physical configuration 
that is utilized in a given reactor is principally dependent on the particular type and 
shape of microelectronic workpiece 125 that is to be processed. In the illustrated 
embodiment, microelectronic workpiece 125 is in the form of a disk-shaped 
semiconductor wafer. Accordingly, the present inventors have found that the 
individual electrodes 1758 may be formed as rings of different diameters and that 
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they may be arranged concentrically in alignment with the center of microelectronic 
workpiece 125. It will be recognized, however, that other electrode array 
configurations may also be employed without departing from the scope of the present 
invention. 

When reactor 120 is used to electroplate at, least one surface of 
microelectronic workpiece 125, the surface of the workpiece 125 that is electroplated 
functions as a cathode in the electrochemical reaction while electrode array 1756 
functions as an anode. To this end, the surface of workpiece 125 that is to be 
electroplated is connected to a negative potential terminal of a power supply 1760 
through contacts 185 and the individual electrodes 1758 of electrode array 1756 are 
connected to positive potential terminals of supply 1760. And the illustrated 
embodiment, each of the individual electrodes 1758 is connected to a discrete 
terminal of supply 1760 so thetf supply 1760 may individually alter one or more 
electrical parameters, such as the current flow, associated with each of the individual 
electrodes 1758. As such, each of the individual electrodes .1758 of FIGURE 23 is an 
individually controllable electrode. It will be recognized, however, that one or more 
of the individual electrodes 1758 of electrode array 1756 may be connected to a 
common node/terminal of power supply 1760. In such instances, power supply 1760 
will alter the one or more electrical parameters of the commonly connected 
electrodes 1758 concurrently, as opposed to individually, thereby effectively making 
the commonly connected electrodes 1758 a single, individually- controllable 
electrode. As. such, individually controllable electrodes can be formed from 
physically distinct electrodes that are connected to discrete terminals of power 
supply 1760 as well as from physically distinct electrodes that are commonly 
connected to a single discrete terminal of power supply 1760. Electrode array 1756 
suitably comprises at least two individually controllable electrodes. 

Electrode array 1756 and power supply 1760 facilitate localized control of the 
electrical parameters used to electrochemically process the microelectronic 
workpiece 125. This localized control of the electrical parameters can be used to 
provide greater uniformity of the electrochemical processing across the surface of the 
microelectronic workpiece when compared to a single electrode system. However, 
determining the electrical parameters for each of the electrodes 1758 in array 1756 to 
achieve the desired process uniformity can be problematic. Accordingly, .the present 
inventors have developed a method and apparatus that simplifies and substantially 
automates the determination of the electrical parameters associated with each of the 
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individually controllable electrodes. In accordance with this approach, a plurality of 
sensitivity values are determined, either experimentally or through numerical 
simulation, and subsequently used to adjust the electrical parameters associated with 
each of the individually controllable electrodes. The sensitivity values may be placed 
in a table or may be in the form of a Jacobian matrix. This table/matrix holds 
information corresponding to process parameter changes (i.e., thickness of the 
electroplated film) at various points on the workpiece 125 due to electrical parameter 
perturbations (i.e., electrical current changes) to each of the individually controllable 
electrodes. This table/matrix is derived from data from a baseline workpiece plus 
data from separate runs with a perturbation of a controllable electrical parameter to 
each of the individually controllable. 

Once the values for the sensitivity table/matrix have been determined, the 
values may be stored in and used by control system 1765 to control one or more of 
the electrical parameters that power supply 1760 uses in connection with each of the 
individually controllable electrodes 1758. FIGURE 24 is an exemplary flow diagram 
illustrating one manner in which the sensitivity table/matrix may be used to calculate 
an electrical parameter (i.e., current) for each of the individually controllable 
electrodes 1758 that may bq used to meet a target process parameter (i.e., target 
thickness of the electroplated film). 

In the exemplary process of FIGURE 24, control system 1765 utilizes two 
sets of input parameters along with the sensitivity table/matrix to calculate the 
required electrical parameters. A first set of input parameters corresponds to the data 
derived from a test run of the process while using a known, predetermined set of 
electrical parameters. This first set of input parameters can be derived by first 
executing a test run on a test workpiece using the predetermined electrical parameter 
set, as shown at step 1770. For example, a test run can be performed by subjecting a 
microelectronic workpiece 125 to an electroplating process in which the current 
provided to each of the individually controllable electrodes 1758 is fixed at a 
predetermined magnitude for a given period of time. 

After the test run is complete, the physical characteristics (i.e., thickness of 
the electroplated film) of the test workpiece are measured, as at step 1772, and 
compared against a second set of input parameters at step 1774. In the illustrated 
embodiment of the method, the second set of input parameters corresponds to the 
target physical characteristics of the microelectronic workpiece that are to be 
ultimately achieved by the process (i.e., the thickness of the electroplated film). 
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Notably, the target physical -characteristics can either be uniform over the surface of 
the microelectronic workpiece 125 or vary over the surface. For example, in the 
illustrated embodiment, the thickness of an electroplated film on the surface of the 
microelectronic workpiece 125 can be used as the target physical characteristic, and 
the user may expressly specify the target 'thicknesses at various radial distances from 
the center of the workpiece. 

The first and second set of input parameters are used at step 1774 to generate 
.a set of process error values. To ensure the integrity of the data obtained during the 
test run, the process error values may be checked at step 1776 to make sure that the 
values fall within a predetermined range, tolerance, etc. If the process error values 
do not pass this test, a further test run on a further test workpiece may be executed 
using a different predetermined electrical parameter set, as at step 1778, and the 
method begins again. If the process error values meet the test at step 1776, the 
control system 1765 derives a new electrical parameter set based on calculations 
including the set of process error values and the values of the sensitivity table/matrix, 
as at step 1780. Once the new electrical parameter set is derived, the control 
system 1765 directs power supply 1760 to use the derived electrical parameters in 
subsequent processing of further microelectronic workpieces to achieve the desired 
target physical characteristics, as at step 1782. 

With reference again to FIGURE 23, the exemplary system illustrates two 
potential manners in which the first and second set of input parameters may be 
provided to the control system .1765: a user interface 1784 and a metrics tool 1786. 
User interface 1784 may be comprised of, for example, a keyboard, a touch-sensitive 
screen, a voice recognition system, etc. Metrics tool 1786 may be an automated tool 
. that is used to measure the physical characteristics of the test workpiece after the test 
run. When both a user interface 1784 and a metrics tool 1786 are employed, the user 
interface 1784 may be used to input the target physical characteristics that are to be 
achieved by the process while metrics tool 1786 may be used to directly 
communicate the measured physical characteristics of the test workpiece to the 
control system 1765. In the absence of a metrics tool that can communicate with 
control system 1765, the measured»physical characteristics of the test workpiece can 
be provided to control system 1765 through user interface 1784. It will be 
recognized that other data communications devices may be used to provide the first 
and second set of input parameters to control system 1765, the foregoing being 
i merely exemplary. 



WO 02/45476 PCT/USO 1/469 10 

45 



The foregoing method and apparatus can further be understood with reference 
to a specific embodiment in which the electrochemical process is electroplating, the 
thickness of the electroplated film is the target physical parameter, and the current- 
provided to each of the individually controlled electrodes 1758 is the electrical 
parameter that is to be controlled to achieve the target film thickness. In accordance 
with this specific embodiment, a Jacobian sensitivity matrix is first derived from 
experimental or numerically simulated data. FIGURE 25 is a graph of such data that 
can be used to derive the lacobian sensitivity matrix data. As illustrated, FIGURE 25 
is a graph of the change in electroplated film thickness per change in current-time as 
a function of radial position on the microelectronic workpiece 125 for each of the 
individually controlled anodes Al - A4 of FIGURE 23. A first baseline workpieCe is 
electroplated for a predetermined period of time using a predetermined set of current 
values to individually controlled anodes Al - A4. The thickness of the resulting 
electroplated film is then measured, as a function of the radial position on the • 
workpiece. These data points are then used as baseline measurements that are 
compared to the data acquired as the current to each of the anodes Al - A4 is 
perturbated. Line 1790 is a plot of the data points associated with a perturbation in 
the current provided by power supply 1760 to anode Al with the current to 'the 
remaining anodes A2 - A4 held at their constant.predetermined values. Line 1792 is 
a plot of the data points associated with a perturbation in the current provided by 
power supply 1760 to anode A2 with the current to the remaining anodes Al and A3 
- A4 held at their constant predetermined values. Line 1794 is a plot of the data 
points associated with a perturbation in the current provided by power supply 1760 to 
anode A3 with the current to the remaining anodes Al - A2 and A4 held at their 
constant predetermined values. Lastly, line 1796 is a plot of the data points 
associated with a perturbation in the current provided by power supply 1760 to anode 
A4 with the current to the remaining anodes Al - A3 held at their constant 
predetermined values. 

The data for the Jacobian parameters shown in FIGURE 3 may be computed 
using the following equations: 



dAMn \€n\ 



AM=[AM> AM 2 • • AM-] 



Equation (A3) 



WO 02/45476 



46 



PCT/US01/46910 



t = t(AM ) 



Equation (A2) 
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Equation (A4) 



where: 

t represents thickness [microns]; 

AM represents cuiTent [amp-minutes]; 
e represents perturbation [amp-minutes]; 

m is an integer corresponding to a radial position on the workpiece; and 
n is an integer representing a particular anode. 

The Jacobian sensitivity matrix, set forth below as Equation (A5), is an index 
of the Jacobian values computed using Equations (Al>- (A4). These values are, also 
presented as highlighted data points in the graph of FIGURE 25. These values 
correspond to the radial positions on the surface of a semiconductor wafer that are 
typically chosen for measurement. 



J= 



0.192982456 
0.148448043 
0.066126856 
0.037112011 
0.029689609 



0.071570577 
0.084824387 
0.087475149 
0.057654076 
0.045725646 



0.030913978 
0.039650538 
0.076612903 
0.090725806 
0.073924731 



0.017811705 
0.022264631 
0.047073791 
0.092239186 
0.138040712 



Equation{A5) 
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Once the values for the Jacobian sensitivity matrix have been derived, they 
may be stored in control system 1765 for further use. 

Table 1 below sets forth exemplary data corresponding to a test run in which 
a 200 mm wafer is plated with copper in a multiple anode system using a 
nominally 2000 A thick initial copper seed-layer. Identical currents of 1.12 Amps 
(for 3 minutes) were provided to all four anodes Al - A4. The resulting thickness at 
five radial locations was then measured and is recorded in the second column of 
Table 1. The 3 sigma uniformity of the wafer is 9.4% using a 49 point contour map. 
Target thickness were then provided and are set forth in column 3 of Table 1. The 
thickness errors (processed errors) between the plated film and the target thickness 
were then calculated and are provided in the last column of Table 1. 



Radial 

Location 

(m) 


Measured 
Thickness 
(microns) 


Target 

Thickness 

(microns) 


Error 
(microns) 


0 


1.1081 


1.0291 


-0.0790 


0.032 


1.0778 


1.0291 


-0.0487 


0.063 


1.0226 


1.0291 


0.0065 


0.081 


1.0169 


1.0291 


0.0122 


0.098 


0.09987 


1.0291 


0.0304 



The Jacobian sensitivity matrix may then be used along with the thickness 
error values to provide a further, revised set of anode current values that should yield 
better film uniformity. The equations summarizing this approach are set forth below: 
AAM * J~ l Ar (for a square system in which the number of measured radial 

positions corresponds to the number of individually controlled anodes in the system); 
and 

AAA/ = /) Ar (for a non-square system in which the number of 

measured radial positions is different than the number of individually controlled 
anodes in the system) 
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Table 2 shows the foregoing equations as applied to the given data set and the 
corresponding current changes that have been derived from the equations to meet the 
target thickness at each radial location (best least square fit). The wafer uniformity 
obtained with the currents in the last column of Table 2 was 1.7% (compared to 9.4% 
for the test run wafer). This procedure can be repeated again to try to further 
improve the uniformity. In this example, the differences between the seed layers 
were ignored. 



Table 2 



Anode# 


Anode Currents 


Change 


Anode Currents 




for Run#l 


to Anode Currents 


for Run#2 




(Amps) 


(Amps) 


(Amps) 


1 


1.12 


-0.21 


0.91 


2 


1.12 


0.20 


1.32 


3 


1.12 


-0.09 


1.03 


4 


1.12 


0.10 


1.22 



Once the corrected values for the anode currents have been calculated, control 
system 1765 of FIGURE 23 directs power supply 1760 to provide the corrected 
current to the respective anode Al - A4 during subsequent processes to meet the 
target film thickness and uniformity. 

In some instances, it may be desirable to iteratively apply the foregoing 
equations to arrive at a set of current change values (the values represented in 
column 3 of Table 2) that add up to zero. This may be desirable when, for example, 
the processing recipe defined by the user is entered using amp-minute values. 

The Jacobian sensitivity matrix in the foregoing example quantifies the 
system response to anode current changes about a baseline condition. Ideally, a 
different matrix may be employed if the processing conditions vary significantly 
from the baseline. The number of system parameters that may influence the 
sensitivity values of the sensitivity matrix is quite large. Such system parameters 
include the seed layer thickness, the electrolyte conductivity, the metal being plated, 
the film thickness, the plating rate, the contact ring geometry, the wafer position 
relative to the chamber, and the anode shape/current distribution. Anode 
shape/current distribution is included for the case of consumable anodes where the 
anode shape changes over time. Changes to all of these items can change the current 
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density across the wafer for a given set of anode currents and, as a result, can change 
the response of the system to changes in the anode currents. It is expected, however, 
that small changes to many of these parameters will not require the calculation of a 
new sensitivity matrix. Nevertheless, a plurality of sensitivity tables/matrices may be 
derived for different processing conditions and stored in control system 1765. Which 
of the sensitivity tables/matrices is to be used by the control system 1765 can be 
entered manually by a user, or can be set automatically depending on measurements 
taken by certain sensors or the like (i.e., temperature sensors, chemical analysis units, 
etc.) that indicate the existence of one or more particular processing conditions. 

The foregoing apparatus and methods may also be used to compensate for 
differences and non-uniformities of the initial seed layer of the microelectronic 
workpiece. Generally stated, a blanket seed layer can affect the uniformity of a 
plated film in two ways: 

If the seed layer non-uniformity changes, this non-uniformity is added to the 
final film. For example, if the seed layer is 100 A thinner at the outer edge than 
expected, the final film thickness will also be 100 A thinner at the outer edge. 

If the average seed-layer thickness changes significantly, the resistance of the 
seed-layer witi change resulting in a modified current density distribution across the 
wafer and altered film uniformity. For example, if the seed layer decreases 
from 2000 A to 1000 A, the final film will not only be thinner (because the initial film 
is thinner) but it will also be relatively thicker at the outer edge due to the higher 
resistivity of the 1000 A seed-layer compared to the 2000 A seed-layer (assuming an 
edge contact). 

The foregoing apparatus and methods can be used to compensate for such 
seed-layer deviations. In the first case above, the changes in seed-layer uniformity 
may be handled in the same manner that errors between target thickness and 
measured thickness are handled. A pre-measurement of the wafer quantifies changes 
in the seed-layer thickness at the various radial measurement locations and these 
changes (errors) are figured into the current adjustment calculations. Using this 
approach, excellent uniformity results can be obtained on the new seed layer, even on 
the first attempt at electroplating. 

In the second case noted above, an update of or selection all of the and other 
stored sensitivity/Jacobian matrix can be used to account for a significantly different 
resistance of the seed-layer. A simple method to adjust for the new seed layer 
thickness is to plate a film onto the new seed layer using the same currents used in 
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plating a film on the previous seed layer. The thickness errors measured from this 
wafer can be used with a sensitivity matrix appropriate for the new seed-layer to 
adjust the currents. 

The Jacobian matrix analysis or other methods of determining how to 
selectively control the electrodes A1-A4 can also be used to cany out the seed layer 
enhancement as set forth above herein, so as to create a more uniform seed layer 
across the face of the workpiece prior to subsequent electrodeposition. Independent 
. control of electrodes or banks of electrodes is particularly useful for tuning the 
reactor to compensate for high resistance in the substream or barrier on which the 
seed layer is formed, both during seed layer enhancement and subsequent deposition. 

The foregoing apparatus and methods may also be used to compensate for 
reactor-to-reactor variations in a multiple reactor system, such as the LT-210C™ 
available from Semitool, Inc., of Kalispell, Montana. In such a system, there is a 
possibility that the anode currents required to plate a specified film might be different 
on one reactor when compared to another. Some possible sources for such 
differences include variations in the wafer position due to tolerances in the lift-rotate 
mechanism, variations in the current provided to each anode due to power supply 
manufacturing tolerances, variations in the chamber geometry due to manufacturing 
tolerances, variations in the plating solution, etc. 

In a single anode system, the reactor-to-reactor variation is typically reduced 
either by reducing hardware manufacturing tolerances or by making slight hardware 
modifications to each reactor to compensate for reactor variations. In a multiple 
anode reactor constructed in accordance with the teachings of the present invention, 
reactor-to-reactor variations can be reduced/eliminated by running slightly different 
current sets in each reactor. As long as the reactor variations do not fundamentally 
change the system response (i.e. the sensitivity matrix), the self-tuning scheme 
disclosed herein is expected to find anode currents that meet film thickness targets. 
Reactor-to-reactor variations can be quantified by comparing differences in the final 
anode currents for each chamber. These differences can be saved in one or more 
offset tables in the control system 65 so that the same recipe may be utilized in each 
reactor. In addition, these offset tables may be used to increase the efficiency of 
entering new processing recipes into the control system 65. Furthermore, these 
findings can be used to trouble-shoot reactor set up. For example, if the values in the 
offset table are over a particular threshold, the deviation may indicate a hardware 
deficiency that needs to be corrected. 
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The anode arrangements described hereinabove, such as that illustrated and 
described in FIGURE 9, are particularly well-suited for enhancing seed layers that 
are deposited on highly resistive barrier layers or substrates, for plating 
microelectronic workpieces having highly resistive seed layers as well as for plating 
highly resistive materials on microelectronic workpieces. Generally stated, the more 
resistive the seed layer or material that is to be deposited, the more the magnitude of 
the current at the central anode (or central anodes) should be increased to yield a 
uniform film. 
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The embodiments of the invention in which an exclusive property or privilege 
is claimed are defined as follows: 

1. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrolytic deposition of a 
metal thereon on the metal seed layer, comprising: 

(a) repairing the ultra-thin metal seed layer by electrochemically 
depositing additional metal on the ultra-thin metal seed layer within a principal fluid 
chamber of a reactor to provide an enhanced seed layer using a second deposition 
process, that is different from the first deposition process, comprising supplying 
electroplating power to a plurality of concentric anodes disposed at different 
positions within the principal fluid flow chamber relative to the workpiece; and 

(b) electrolytically depositing a metal on the enhanced seed layer 
under conditions in which the deposition rate of the electrolytic deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer. 

2. The process of claim 1 wherein the additional metal is copper. 

3. The process of claim 1 wherein the ultra-thin seed layer is formed on. a 
barrier layer deposited on a surface of the workpiece. 

4. The process of claim 1 wherein the first electrochemical deposition 
step occurs in an alkaline bath. 

5. The process of claim 4 wherein the alkaline bath comprises metal ions 
and an agent effective in complexing the metal ions. 

6. The process of claim 1 wherein the ultra-thin metal seed layer that is 
repaired is formed by physical vapor deposition. 

7. The process of claim 1 wherein the ultra-thin metal seed layer that is 
repaired has a thickness of less than or equal to 500 Angstroms. 
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8. The process of claim 7 wherein the ultra-thin metal layer that is 
repaired has a thickness of 100 to 250 Angstroms. 

9. The process of claim 1 wherein the complexing agent comprises one 
or more complexing agents selected from EDTA, ED, and polycarboxylic acid. 

10. The process of claim 9 wherein the complexing agent comprises 
EDTA and the EDTA in the bath has a concentration within the range of 0.03 to 1.0 
M. 

1 1 . The process of claim 10 wherein the complexing agent comprises ED 
and wherein the ED in the electrolytic bath has a concentration within the range of 
0.03 to 1.0 M. 

12. The process of claim 10 wherein the complexing agent comprises 
citric acid and the citric acid in the bath has a concentration within the range of 0.03 
toI.OM. 

13. The process of claim 1 wherein the step of subjecting the workpiece to 
a further electrochemical deposition process occurs in an acidic electrolytic solution 
to complete deposition of the metal to a thickness needed for the formation of the 
interconnect structure. 

14. The process of claim 13, ftirther comprising subjecting the workpiece 
to a rinsing process after electrochemical deposition in the alkaline bath and prior to 
the further electrochemical metal deposition process in an acidic electrolytic solution. 

15. The process of claim 1, wherein the enhanced seed layer has a 
thickness at all points on sidewalls of substantially all recessed features distributed 
within the workpiece that is equal to or greater than 10% of the enhanced seed layer 
thickness over the exteriorly disposed surface of the workpiece. 

16. The process of claim I, wherein one or more of the plurality of 
concentric anodes used to repair the ultra-thin metal seed layer is disposed in close 
proximity to the workpiece. 

17. The process of claim 1, wherein the plurality of concentric anodes 
used for the repair of the ultra-thin metal seed layer are arranged at varying distances 
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from the workpiece from an innennost one of the plurality of concentric anodes to an 
outermost one of the plurality of concentric anodes. 

18. The process of claim 18, wherein the plurality of concentric anodes 
used for the repair of the ultra-thin metal seed layer are arranged at increasing 
distances from the workpiece from an innermost one of the plurality of concentric 
anodes to an outermost one of the plurality of concentric anodes. 

19. The process of claim 1, wherein one or more of the plurality of 
concentric anodes used to repair the ultra-thin metal seed layer is a virtual anode. 

20. The process of claim 19, wherein the virtual anode used in the repair 
of the ultra-thin metal seed layer comprises an anode chamber housing having a 
processing fluid inlet and a processing fluid outlet, the processing fluid outlet being 
disposed in close proximity to the workpiece, and at least one conductive anode 
element disposed in the anode chamber housing. 

21. The process of claim 20, wherein the at least one conductive anode 
element is formed from an inert material. 

22. The process of claim 1 , wherein the repair of the ultra-thin metal seed 
layer is further carried out by providing a plurality of nozzles within the reactor that 
are disposed to provide a flow of a processing fluid to the principal fluid flow 
chamber, the plurality of nozzles being arranged and directed to provide vertical and 
radial fluid flow components that combine to generate a substantially uniform normal 
flow component oriented radially across a surface of the workpiece on which the 
ultra-thin metal seed layer is formed. 

23. The process of claim 1, wherein the principal fluid chamber in which 
the repair of the ultra-thin metal seed layer is carried out is defined in an upper 
portion thereof by an angled wall, the angled wall supporting one or more of the 
plurality of the concentric anodes. 

24. The process of claim 1, wherein the repair of the ultra-thin metal seed 
layer is carried out in a principal fluid flow chamber that comprises an inlet disposed 
at a lower portion thereof and that is configured to provide a venturi effect that 
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facilitates recirculation of a chemical processing fluid in a lower portion of the 
principal fluid flow chamber. 

25. The process of claim 1, wherein during the repair of the ultra-thin 
metal seed layer, at least two of the plurality of anodes are independently connected 
to an electrical power supply, further comprising independently controlling the 
supply of electrical power to the at least two of the plurality of anodes. 

26. The process of claim 25, wherein the controlling of the supply of 
power for at least one of the independently controlled anodes is based on one or more 
user input parameters and a plurality of predetermined sensitivity values associated 
with the workpiece, the predetermined sensitivity values corresponding to process 
perturbations resulting from perturbations of an electrical power supply parameter for 
the at least one independently controlled electrode. 

27. The process of claim 26, wherein the electrical power parameter is 
electrical current. 

28. The process of claim 26, wherein the sensitivity values are logically 
arranged within a controller as one or more Jacobian matrices. 

29. The process of claim 26, wherein the at least one user input parameter 
comprises a thickness of the additional metal to be deposited on the ultra-thin metal 
seed layer. 

30. The product produced by the process of claim 1 . 

31. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has. been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrolytic deposition of a 
metal thereon on the metal seed layer, comprising: 

(a) repairing the ultra-thin metal seed layer by electrochemically 
depositing additional metal on the ultra-thin metal seed layer within a principal fluid 
chamber of a reactor to provide an enhanced seed layer using a second deposition 
process, that is different from the first deposition process, comprising supplying 
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electroplating power to a plurality of electrodes within the principal fluid flow 
chamber, wherein at least two of the plurality of electrodes are independently 
connected to an electrical power supply, further comprising independently 
controlling the supply of electrical, power to the at least two electrodes during repair 
of the ultra-thin metal seed layer; and 

(b) electrolytically depositing a metal on the enhanced seed layer 
under conditions in which the deposition rate of the electrolytic deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer. 

32. The process of claim 31 wherein the additional metal is copper. 

33. The process of claim 31 wherein the ultra-thin seed layer is formed on 
a barrier layer deposited on a surface of the workpiece. 

34. The process of claim 31 wherein the electrochemical deposition step 
occurs in an alkaline bath. 

35. The process of claim 31 wherein the ultra-thin metal seed layer that is 
repaired has a thickness of less than or equal to 500 Angstroms. 

36. The process of claim 31, wherein the controlling of the supply of 
power for at least one of the independently controlled electrodes is based on one or 
more user input parameters and a plurality of predetermined sensitivity values 
associated with the workpiece, the predetermined sensitivity values corresponding to 
process perturbations resulting from perturbations of an electrical power supply 
parameter for the at least one independently controlled electrode. 

37. The process of claim 36, wherein the electrical power parameter is 
electrical current or potential. 

38. The process of claim 36, wherein the sensitivity values are logically 
arranged within a controller as one or more Jacobian matrices. 

39. The process of claim 26, wherein the at least one user input parameter 
comprises a thickness of the additional metal to be deposited on the ultra-thin metal 
seed layer. 
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40. The product produced by the process of claim 3 1 . 

41. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrochemical deposition 
of a metal thereon on the metal seed layer, comprising: 

(a) subjecting the workpiece to an electrochemical deposition 
process that is different from the first deposition process, in an alkaline electroplating 
bath comprising metal ions complexed with a complexing agent such that additional 
metal is deposited on the ultra-thin copper seed layer to thereby repair the seed layer, 
resulting in an enhanced seed layer, the second deposition process being carried out 
by supplying electroplating power to a plurality of concentric anodes disposed at 
different positions, relative to the workpiece, within a principal fluid flow chamber of 
a reactor; and 

(b) electrolytically depositing a metal on the enhanced seed layer 
under conditions in which the deposition rate of the electrolytic deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer. 

42. The process of claim 41 wherein the additional metal is copper. 

43. The process of claim 41 wherein the ultra-thin seed layer is formed on 
a barrier layer deposited on a surface of the workpiece. 

44. The process of claim 41 wherein the complexing agent comprises one 
or more complexing agents selected from EDTA, ED, and polycarboxylic acid. 

45. The process of claim 41 wherein the ultra-thin metal seed layer that is 
repaired has a thickness of less than or equal to 500 Angstroms. 

46. The process of claim 41, wherein during the repair of the ultra-thin 
metal seed layer, at least two of the plurality of anodes are independently connected 
to an electrical power supply, further comprising independently controlling the 
supply of electrical power to the at least two of the plurality of anodes. 
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47. The process of claim 26, wherein the controlling of the supply of 
power for a given one of the independently controlled electrodes is based on one or 
more user input parameters and the plurality of predetermined sensitivity values 
associated with the workpiece, the predetermined sensitivity values corresponding to 
process perturbations resulting from perturbations of an electrical power supply 
parameter for the at least one independently controlled electrode. 

48. The process of claim 47, wherein the sensitivity values are logically 
arranged within a controller as one or more Jacobian matrices. 

49. The process of claim 47, wherein the at least one user input parameter 
comprises a thickness of the additional metal to be deposited on the ultra-thin metal 
seed layer. 

50. The product produced by the process of claim 4 1 . 

51. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrochemical deposition 
of a metal thereon on the metal seed layer, comprising: 

(a) subjecting the workpiece to an electrochemical deposition 
process that is different from the first deposition process, in an alkaline electroplating 
bath comprising metal ions complexed with a complexing agent such that additional 
metal is deposited on the ultra-thin copper seed layer to thereby repair the seed layer, 
resulting in an enhanced seed layer, comprising supplying electroplating power to a 
plurality of electrodes within the principal fluid flow chamber, wherein at least two 
of the plurality of electrodes are independently connected to an electrical power 
supply, further comprising independently controlling the supply of electrical power 
to the at least two electrodes during repair of the ultra-thin metal seed layer; and 

(b) electrolytically depositing a metal on the enhanced seed layer 
under conditions in which the deposition rate of the electrolytic deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer. 



52. 



The process of claim 51 wherein the additional metal is copper. 
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53. The process of claim 5 1 wherein the ultra-thin seed layer is formed on 
a barrier layer deposited on a surface of the workpiece. 

54. The process of claim 51 wherein the complexing agent comprises one 
or more complexing agents selected from EDTA, ED, and polycarboxylic acid. 

55. The process of claim 51 wherein the ultra-thin metal seed layer that is 
repaired has a thickness of less than or equal to 500 Angstroms. 

56. The process of claim 51, wherein the controlling of the supply of 
power for at least one of the independently controlled electrodes is based on one or 
more user input parameters and a plurality of predetermined sensitivity values 
associated with the workpiece, the predetermined sensitivity values corresponding to 
process perturbations resulting from perturbations of an electrical power supply 
parameter for the at least one independently controlled electrode. 

57. The process of claim 56, wherein the electrical power parameter is 
electrical current. 

58. The process of claim 56, wherein the sensitivity values are logically 
arranged within a controller as one or more Jacobian matrices. 

59. The process of claim 56, wherein the at least one user input parameter 
comprises a thickness of the additional metal to be deposited on the ultra-thin metal 
seed layer. 

60. The product produced by the process of claim 5.1 . 

61. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrolytic deposition of a 
metal thereon on the metal seed layer, comprising: 

(a) repairing the ultra-thin metal seed layer by electrochemically 
depositing additional metal on the ultra-thin metal seed layer within a principal fluid 
chamber of a reactor to provide an enhanced seed layer using a second deposition 
process, that is different from the first deposition process, comprising exposing the 
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workpiece to an electroplating solution within a fluid flow chamber of a reactor, the 
fluid flow chamber defining a sidewall and a plurality of nozzles disposed in the 
sidewall and arranged and directed to provide vertical and radial fluid flow 
components that combine to create a substantially uniform normal flow component 
radially across a surface of the workpiece on which the ultra-thin metal seed layer is 
formed; and 

(b) electrochemically depositing a metal on the enhanced seed 
layer under conditions in which the deposition rate of the deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer. 

62. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrochemical deposition 
of a metal thereon on the metal seed layer, comprising: 

(a) subjecting the workpiece to an electrochemical deposition 
process that is different from the first deposition process, in an alkaline electroplating 
bath comprising metal ions complexed with a complexing agent such that additional 
metal is deposited on the ultra-thin copper seed layer to thereby repair the seed layer, 
resulting in an enhanced seed layer, comprising exposing the workpiece to an 
electroplating solution within a fluid flow chamber of a reactor, the fluid flow 
chamber defining a sidewall and a plurality of nozzles disposed in the sidewall and 
arranged and directed to provide vertical and radial fluid flow components that 
combine to create a substantially uniform normal flow component radially across a 
surface of the workpiece on which the ultra-thin metal seed layer is formed; and 

(b) electrochemically depositing a metal on the enhanced seed 
layer under conditions in which the deposition rate of the deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer. 

63. The process of Claim 62, further comprising applying heat to the 
metallization interconnect structure after the first electrochemical deposition process 
to further anchor the seed layer to the underlying layer. 



WO 02/45476 



61 



PCT/US01/46910 



64. The process of Claim 62, wherein the first electrochemical deposition 
process involves depositing a metal alloy including an element that will preferentially 
be deposited at interfaces defined between differing materials. 

65. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrolytic deposition of a 
metal thereon on the metal seed layer, comprising: 

(a) repairing the ultra-thin metal seed layer by electrochemically 
depositing additional metal on the ultra-thin metal seed layer within a principal fluid 
chamber of a reactor to provide an enhanced seed layer, using a second deposition 
process, that is different from the first deposition process; and 

(b) electrolytically depositing a metal on the enhanced seed layer 
under conditions in which the deposition rate of the electrolytic deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer, comprising supplying electroplating power to a plurality of concentric 

' anodes disposed at different positions within the principal fluid flow chamber relative 
to the workpiece. 

66. The process of Claim 65, wherein the second deposition process that 
repairs the seed layer is an electroless plating process. 

67. The process of Claim 65, wherein the second deposition process that 
repairs the said .layer also comprises supplying electroplating power to a plurality of 
concentric anodes disposed at different positions within the principal fluid flow 
chamber relative to the workpiece. 

68. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrolytic deposition of a 
metal thereon on the metal seed layer, comprising: 



WO 02/45476 



62 



PCT/US01/46910 



(a) repairing the ultra-thin metal seed layer by electrochemically 
depositing additional metal on the ultra-thin metal seed layer to provide an enhanced 
seed layer using a second deposition process, that is different from the first 
deposition process; and 

(b) electrolytically depositing a metal on the enhanced seed layer 
within a principal fluid chamber of a reactor under conditions in which the deposition 
rate of the electrolytic deposition process is substantially greater than the deposition 
rate of the process used to repair the metal seed layer, comprising supplying 
electroplating power to a plurality of electrodes within the principal fluid flow 
chamber, wherein at least two of the plurality of electrodes are independently 
connected to an electrical power supply, further comprising independently 
controlling the supply of electrical power to the at least two electrodes during 
deposition. 

69. The process of Claim 68, wherein the second deposition process that 
repairs the seed layer is an electroless plating process. 

70. The process of Claim 68, wherein the second deposition process that 
repairs the said layer occurs within a principal fluid chamber of a reactor and also 
comprises supplying electroplating power to a plurality of electrodes within the 
principal fluid flow chamber, wherein at least two of the plurality of electrodes are 
independently connected to an electrical power supply, further comprising 
independently controlling the supply of electrical power to the at least two electrodes 
during deposition. 

71. A process for applying a metallization interconnect structure to a 
workpiece on which an ultra-thin metal seed layer has been formed using a first 
deposition process, the first deposition process anchoring the ultra-thin metal seed 
layer to an underlying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk electrolytic deposition of a 
metal thereon on the metal seed layer, comprising: 

(a) repairing the ultra-thin metal seed layer by electrochemically 
depositing additional metal on the ultra-thin metal seed layer to provide an enhanced 
seed layer using a second deposition process, that is different from the first 
deposition process; and 
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(b) electrochemically depositing a metal on the enhanced seed 
layer within a principal fluid chamber of a reactor within a principal fluid chamber of 
a reactor under conditions in which the deposition rate of the deposition process is 
substantially greater than the deposition rate of the process used to repair the metal 
seed layer, comprising exposing the workpiece to an electroplating solution within a 
fluid flow chamber of a reactor, the fluid flow chamber defining a sidewall and a 
plurality of nozzles disposed in the sidewall and arranged and directed to provide 
vertical and radial fluid flow components that combine to create a substantially 
uniform normal flow component radially across a surface of the workpiece on which 
the ultra-thin metal seed layer is formed. 

72. The process of Claim 71, wherein the second deposition process that 
repairs the seed layer is an electroless plating process. 

73. The process of Claim 71, wherein the second deposition process that 
repairs the said layer occurs within a principal fluid chamber of a reactor and also 
comprises exposing the workpiece to an electroplating solution within a fluid flow 
chamber of a reactor, the fluid flow chamber defining a sidewall and a plurality of 
nozzles disposed in the sidewall and arranged and directed to provide vertical and 
radial fluid flow components that combine to create a substantially uniform normal 
flow component radially across a surface of the workpiece on which the ultra-thin 
metal seed layer is formed. 
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Fig.5. 
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Fig.6A. 
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Figure 8 
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